
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



*#t9lp

:e^ ,'j^ \ f  :
y . k  .„ f > ‘



THE CHEMISTRY AND PHOTOCHEMISTRY 
OF RU(II) BIPYRIDYL CARBONYL COMPLEXES 

INCORPORATED IN NAFION

by

Adrienne Jermyn

A Thesis presented to the University of Dublin 
for the degree of MSc.

Department of Chemistry, 
University of Dublin, 
Trinity College.
October 1991



T S ! « ' t T Y  c o i l  

-  8 JUL 1992

L IB R A R Y

'/"AesZ-S



Declaration

This thesis has not been submitted as an excercise for a degree at 

this or any other University. Except as otherw ise indicated the work 

described herein was carried out by the author alone.

Adrienne Jermyn



Summary

T h e  c h e m ic a l  r e a c t io n s  of b is (b p y ) c a r b o n y l r u th e n iu m  c o m p le x e s ,  

ca ta lys ts  fo r  the w a te r  gas shif t  react ion, have been  inves t iga ted  

under  mi ld cond i t ions  in Nat ion,  an ion ic  po lymer .  C hem ica l  and 

p h o t o c h e m ic a l  r e a c t io n s  p e r fo rm e d  u n d e r  a lk a l in e ,  a q u e o u s  or 

a tm o sp he r ic  cond i t ions  were  of par t icu lar interest.

A var ie ty  of techn iques  have been used to invest igate  the react ions 

occurr ing. These  include Infra-red and U lt ra -v io le t spec t roscopy .  The 

N a t io n  m a t r i x  is i d e a l l y  s u i t e d  to t h e s e  t e c h n i q u e s  fo r  

b is (b p y )ca rb o n y l  c o m p le xe s  because of the a b sen ce  of absorp t ion  

bands in the UV/V is  spec t rum  and the ca rbony l  reg ion of the IR 

spectrum. It is also chemica l ly  inert.

It is poss ib le  to prepare  and incorporate  the com p le xe s  into Nation. 

R ea c t io n s  are  co n f ine d  w ith in  an inert  matr ix  and th e re fo re  the 

s p e c ie s  in v o lv e d  in the  w a te r  gas sh i f t  reac t ion  c a ta ly s e d  by 

[ R u ( b p y ) 2 ( C 0 ) C l ] ‘'' have been fo rm ed  in -s i tu  and su b s e q u e n t ly  

character ised  by spectroscop ic  methods. Nucleophi l ic  a ttack of O H '  on 

[R u (b p y ) 2 ( C O ) 2 ]^' ' ’ af fords [R u ( b p y ) 2 ( C 0 ) ( C 0 0 H ) ] ' ' '  which exists as an

equi l ibr ium mixture with [Ru(bpy)2 (C O ) 2 ] ^ ‘'’ and [ R u ( b p y ) 2 ( C 0 ) ( C 0 0 ' ) ] ‘̂  

in a lk a l i n e  m e d ia  d e p e n d in g  on pH. T h is  u n d e r g o e s  s o m e  

decarboxy la t ion  to part ial ly g ive the hydride [R u (bpy )2 ( C 0 )H] '^  which

fu r ther  reacts in w ate r  to afford [ R u ( b p y ) 2 ( C 0 ) ( H 2 0 ) ] ^ ' ‘‘ . This in turn 

exists in equi l ib r ium with [ R u ( b p y ) 2 ( C 0 ) ( 0 H ) ] ‘''. The coordinated H 2 O of 

[ R u ( b p y ) 2 ( C O ) ( H 2 0 ) ] ^ ' ' ’ readi ly undergoes subst i tut ion by CO to yield 

[Ru(bpy)2(CO)2]2+. S p y  = 2.2’ -  Bi  pyh  dyl
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SECTION 1 Introduction

Methods of activat ing the react ions of carbon monox ide  have long 

been a major  area of ca ta lys is  research . Of  par t icu la r  in te rest  is 

the w a te r  gas shif t  react ion. It is used ex tens ive ly  to increase 

the hydrogen content of water  gas through the react ion of CO with 

steam to form hydrogen and C O 2  according to the react ion

CO(g) + H 20(g) ■> H2(g) + C 02(g) (1)

A G 2 9 8  ^  -28 .16kJmol '^

A H 2 9 8  = -40 .63kJm or^

A S 2 9 8  -42 .25Jm or^  K'"'

By this process the reducing equiva lents  of CO can be conver ted  

to the more useable fo rm of m o lecu la r  hyd rogen  with re la t ive ly  

l it t le loss in th e rm o che m ica l  potent ia l .

This  react ion is carr ied out over  a w ide range of p ressures  and 

gas  c o m p o s i t io n s  at te m p e ra tu re s  in e xce ss  o f  3 0 0 ° C  using 

he te ro g e n e o u s  ca ta lys ts  cons is t ing  of i ron ox ides  p ro m o te d  by 

C r 2 0 3 . Due to the e x o th e rm ic i t y  of th is  reac t ion  indus t r ia l

p ro c e s s e s  mus t  be ca r r ied  ou t  in two or m o re  s ta g e s  with 

in te rm e d ia te  cooling." '
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The same react ion can be carr ied out at lower tem pera tu res  with 

wate r  being present as a l iquid according to eqn.2

CO(g) + H20(|) > H2(g) + C02(g) (2)

A G 2 9 8  -19.41kJmor"*

A H 2 9 8  = + 2 .80kJm or^

AS 2 9 8  = + 7 6 .5 J m o r V ‘ ^

R e a c t io n  2 d i f fe rs  f rom  re a c t io n  1 in th a t  it is s l ig h t ly  

e n d o th e rm ic  ( A H °  dif fer ing from that of react ion 1 by the heat of 

vapour isa t ion  of water) and yet it is s trong ly  favou red  f rom the 

free-energy point. This is due to the large posit ive entropy change 

assoc ia ted  with react ion 2 .

The  obv ious  bene f i t  of carry ing out the shif t  reac t ion  at lower  

tem pera tu re  is that the need to vapour ise  w a te r  is e l im inated. In 

c o n s id e r in g  p o ss ib le  h e te ro g e n e o u s  ca ta lys ts ,  meta l  c a rb o n y l  

co m p le xe s  are logical cand ida tes  g iven that certa in  coo rd ina ted
p

ca rb o n y ls  are ac t iva ted  tow ards  nuc le o p h i l ic  a t tack  of w a te r  . 

Var ious  metal  ca rbony ls . inc lud ing  clusters , have also been used 

as ho m og e n eo u s  cata lys ts  in the ox idat ion and /o r  reduct ion of 

ca rbon monox ide^ .

In the fo l low ing  sec t ions  the syn thes is  of meta l  ca rb on y ls  and 

the use of meta l  ca rbony ls  as ca ta lys ts  for  the w a te r  gas shif t  

react ion wil l be d iscussed .  Par t icu la r  a t tent ion wil l be focussed
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on c o m p le xe s  of the type [R u (b p y ) 2 ( C O ) X ] . T h e se  ca t ion ic

com p lexes  which are stable  in water,  have prev ious ly  been used 

as h o m og e n eo u s  ca ta lys ts  for the w a te r  gas shif t  react ion. The 

a im of th is  research  has been to inves t iga te  the ch e m is t ry  of 

these  co m p le xe s  fu r the r  in a pe r f luo r ina ted  po lymer ,  a m ed ium 

w h ich  c o m b in e s  the  a d v a n ta g e s  of both  h e te ro g e n e o u s  and 

hom ogeneous  systems.

Classic synthesis  of metal carbonyls

Metal carbony l  com p lexes  were  f i rst reported in 1871 with the 

isolat ion of [ (C O )P tC I^ ,  [ (C O ) 2 P t C l 2 l  and [ (C O ) 3 P t 2 C l 4 ]. Pu l l inger^

fo l low ed  this w ork  by isolat ing the b romo de r iva t ive  [ (C O )P tB r^ .

Early a ttempts  to prepare ca rbony ls  of cobalt ,  iron, copper  and 

p la t inum fai led, even at tem pera tu res  up to 7 5 0 ° C ®  . How ever  

two independen t  g roups reported in 1891 that the passage of 

C O  over  f ine ly  dev ided  iron y ie lded  a meta l ca rbony l  in i t ia l ly 

though t  to be Fe (C 0 ) 4  but which  was later correc t ly  ana lysed as

F e ( C 0 ) 5 .  It w a s  n o t i c e d  t h a t  F e ( C 0 ) 5  u n d e r w e n t  

p h o t o d e c o m p o s i t i o n ^ .  In 1931 Pauling"'*^ predic ted the ex is tence 

of both R u(CO)g  and C s { CO ) ^  but it was  not until 1936 that the

syn thes is  of R u(CO)g  was repor ted ”' . This was found to deposit

orange /red  c rys ta ls  upon exposure  to l ight - these  were  though t  

to be R u 2 ( C 0 ) g  but X-ray c rys ta l log raph ic  da ta  es tab l ished  the

3



orange crystal line material as Rug(CO)-| 2^ Passing CO over 

RuXg yielded the first carbonyl halides of ruthenium, RuX2(CO)2- 

Chatt et al.^^ found that when CO is bubbled through a refluxing 

ethanol ic  solution of hydrated RUCI3 a deep red carbonyl 

containing chlororuthenium solution is obtained. IR evidence"' 

suggests that the major component is [RuCl2(CO)2]p ,  but a 

monocarbonyl complex may also be present. At first it was 

thought that the polymeric carbonyl halides [RuCl2(CO)2]n were

linear in structure with trans carbonyls and bridging chlorides, 

but in fact the structure has a cis carbonyl arrangement as shown 

by the existence of two strong carbonyl bands seen in the IR 

s p e c t r u  m ®. Since the first report of their synthesis in 

19 2 4*'^ these polymers have been prepared by a variety of routes 

including passage of CO over RuX^"* oxidation of

R u 3 ( C O ) - | 2  with halogens in inert solvent at temperatures in 

excess of 140° C ^ ^ ’^ ”’ and by isolation from the yellow
pp

methoxyethanol carbonyl solution^^.

Polymeric carbonyl halides are very useful precursors to a wide 

variety of complexes containing a range of donor ligands including 

py r id i n e ® ^ ^ ^ ^ ^ ^ ^  ^ , amines'* and other

heterocyc l ic  N donors^ ®  ̂ ^ , phosphines and

phosphites. The red ethanolic solution was used in 1966 to 

prepare Ru(py )2 (CO )2C l2^^ -  It was noted that the red carbonyl

solution became greenish-red on standing for 24 hours, it was 

thus recommended that the solution be used immediately upon

preparation. Preparation of Ru(bpy)(CO)2Cl2 and the phen analogue
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by this method  y ie lded red-brown c rys ta ls  hav ing c is -carbony ls .  

Even with  an excess  of b iden ta te  l igand the ca t ion ic  spec ies  

[R u (b p y ) 2 (C O ) 2 ]C l 2  and [Ru(phen) 2 ( C O ) 2 ]C l 2  were not obtained. In 

1970 a conf igurat ional analys is  of [R uL 2 ( C O ) 2 ] X 2  co m pounds  was

publ ished.  These  co m pounds  were  ident i f ied as the c is  or trans 

d icarbony l  isomers  by cons idera t ion  of the in tens i ty  and number  

of CO st re tch ing frequenc ies .  The f i rst  m onocarbony l  com p lex  of 

Ru(l l )  with bipyr idyl  was reported in 1973^®. The most com m on 

m ononuc lea r  com p lexes  are neutral  and have the genera l  fo rmula  

[R u ( C O ) 2 (N -N ) 2 ]X 2  (N = bpy, phen). The carbonyl  complexes are of 

i n te re s t  b e c a u s e  of the i r  c a t io n ic  w a te r  s ta b le  na tu re .  The 

m o n o c a r b o n y l  c o m p le x  [ R u ( b p y ) 2 ( C 0 )C l ] ' ^  was isolated as a

s e c o n d a r y  p r o d u c t  in th e  k n o w n  p r e p a r a t i o n ^  ^ ^ of 

[ R u ( b p y ) 2 C l 2 .2 H 2 0 ] which invo lves react ion of RUCI3 .3 H 2 O with

bpy  in re f lux ing  DMF. The  h yd r id e  [R u ( b p y ) 2 ( C 0 ) H ] ' ' ‘ w a s

O

p repa red '^  by reacting the ch lo rocarbony l  and N a B H 4  in aqueous 

ethanol  to g ive c is - [R u(bpy ) 2 ( C 0 )H] ' ' ' ,  the com plex  being isolated 

as the hexafluorophosphate derivat ive .

The ch lo rocarbony l  is a wel l charac ter ised  co m p ou n d  and may be 

used  as the  p re c u rs o r  fo r  a la rge  fa m i ly  of b is (b p y ) R u ( l l )  

c o m p le x e s  by both  th e rm a l  and p h o to c h e m ic a l  rou tes .  The  

d ic a rb o n y l  c o m p le x e s  are g e n e ra l l y  p re p a re d  by reac t ion  of 

[ R u X 2 ( C O ) 2 ]p| with excess of ni trogen l igand. Upon reaction of this 

solut ion with N donors in EtOH com pounds  of the genera l fo rmula  

[Ru X 2 (C 0 ) 2 L 2 ] are formed where  L 2  is one bidentate l igand or
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two monodentate ligands. Reaction of bpy, in ethanol, with the red 

carbonyl solution yields a red/purple product as reported by 

W i lk in so n ^ '^  whereas aqueous ethanolic solution gives yellow 

crystals of [Ru(bpy)(CO)2Cl2l. Further reaction of [RuX2(CO)2L2]

with ligand L2 in aqueous EtOH yields the cationic carbonyl

complexes [R u (L2 )2 (C O )2 ]^ ’̂  Other routes have also been

proposed for the preparation of the dicarbonyl complexes. 

D e a c o n ^ ^  suggests the more compl icated route involving 

conversion of [Ru(bpy)(CO)2Cl2] into tr i f luoromethane sulphonate

derivatives. [R u (bp y )2 (C O )2 ]^ ' ' ’ may also be prepared by the

reaction of [Ru(bpy)2Cl2] with AgSbFg and CO^^.

Water Gas Shift Reaction

To date much work has been carried out on various ruthenium 

carbonyl complexes, including those containing the halides, 

hydrides and hydroxides. The water gas shift  reaction has 

previously been reported to have been successfully catalysed by 

carbonyl complexes. Classical carbonyl complexes, such as 

P e (C 0 )5 ^ '^ ’^^  and [Ru3(C0)-|  2 ]^^  were the first metal carbonyl

com p lexes  to be used as ca ta lys ts .  More recent ly ,  

R u ( l l ) ca rb o n y lb ip y r id y l  c o m p le x e s ^ ^  have been reported to 

effectively catalyse the photochemical water gas shift reaction.

King et al.^"^’^^  reported a series of studies involving Pe(C0)5 as

catalyst with reactions being carried out at elevated pressures
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and te m p e ra tu re s  ranging f rom  110 to 1 8 0 ° C .  The  fo l low ing  

conc lus ions  were reached:

1. The W G S react ion proceeds most rapidly in a modera te ly  polar 

so lven t  sys tem.

2. A rapid quant i ta t ive  convers ion  of hydrox ide  ion to formate  ion 

occurs  pr ior to the onset of the W G S  react ion so that fo rmate  is 

the d o m in a n t  spec ies  of base p resen t  dur ing  the cou rse  of the 

W G S reaction.

3. Of  the var ious der iva t ives poss ib le  from Fe (C O )^  in base, only 

H F e ( C 0 ) 4 " and the parent compound are present to any appreciable

extent during the course of the W G S reaction.

4. The react ion p roceeds  at 1 3 0 - 1 8 0 ° C  which  is re lat ive ly  low

for a W G S reaction

Y o s h id a  et a l^ ®  repor t  a d i f fe re n t  a p p ro a c h  b a se d  on the

a c t iva t ion  o f the w a te r  m o le cu le  us ing  low v a le n t  t rans i t ion  

meta l  co m p le x e s  capab le  of fo rm ing  hydr ido  hyd roxo  spec ies ,

t rans H-M-OH. In v iew of the strong t rans in f luence of h yd r id e ^^  

an enhanced  nucleophi l ic  react iv ity toward CO is expected  for the 

hydroxo l igand in the H-M-OH species.

Ford and co. w o rk e rs ^ ®  repor ted  the  ca ta lys is  of the W G S 

react ion by metal  carbony l  com p lexes  under  cond i t ions  w he re  a 

h o m o g e n e o u s  so lu t ion  p repa red  f rom [R u 3 ( C O ) - | 2 ] is an active 

ca ta lys t  unde r  re la t ive ly  mi ld  cond i t ions .  The  ca ta lys t  is a lso 

very act ive toward the decompos i t ion  of fo rmate  to H 2  and C O 2  

under condit ions act ive for the W G S reaction.



C h o u d h u ry  et a l . ^ ^  have p re v io u s ly  repo r ted  that 

[ R u ( b p y ) 2 (C0 )Cl]CI and the phen equivalent catalyse the

photochemical water gas shift reaction in aqueous solutions 

under mild condit ions (20atm CO, 100-160°C). Tanaka et al.^*^ 

however have found that [Ru(bpy)2 (C0 )CI][PFg] is still active for

the water gas shift  reaction without irradiation in aqueous 

alkaline solutions.

Ruthenium carbonyl complexes have attracted much attention as 

very active catalysts for the WGS r e a c t i o n ' ^ T h e  WGS reaction 

catalysed by transit ion metal complexes in alkaline media at 

elevated temperatures has been suggested to involve the 

fol lowing steps:

1. A nucleophilic attack of OH' or H2O on the carbon atom of CO

coordinated to transit ion metals, giving a hydroxycarbonyl 

complex (eqn.3).

2. A thermal decarboxylation of the hydroxycarbonyl complex to 

afford CO2 and a metal hydride (eqn.4)

M-CO + OH* ------> M-COOH eqn.3

M-COOH -------- > M-H + CO2 eqp 4

3. H2 evolution by the reaction of the metal hydride with protons 

or water.
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Table  1 shows typical values obta ined by Tanaka. The d iscrepancy 

in the amounts  of H2 and CO2 evolved in the gas phase probably

results  from the h igher so lubi l i ty  of C O 2  than H2 in addi t ion  to

the  fo rm a t io n  of the c a rb o n a te  ion in a lka l ine  so lu t io n s  as 

sugges ted  by K in g ^ ^ .  In the absence of KOH the water  gas shif t 

reac t ion  ca ta lysed  by [ R u ( b p y ) 2 ( C O ) C I ] [ P F 0 ]  is slow. From the

tu rnover  numbers of [R u (b p y )2 (C O )C I ] [P p 0 ]  at 100 and 150°C ,  and 

the a lmost  ident ical  ones for [R u ( b p y ) 2 ( C O ) 2 ] [P F 0 ]2 ,  it has been 

a s s u m e d  t h a t  [ R u ( b p y ) ( C O ) C I ] ' * ‘ m ay  be c o n v e r t e d  to 

[R u ( b p y )2 (C O ) 2 ]^ ’'’ under CO pressure in an alkaline solut ion.

23
Compound temp/°C atm KOH*^/mmol

gaseous product

H2 CO2

[R u ( b p y y C 0 )Cl]^ 100 2.9 3.2 3.8 -----

[Ru(bpy)2(C0)Cl] ’' 100 9.6 3.2 165 95

[Ru(bpy)2(C0)Cl]^ 150 4.8 3.2 1 12 46

[Ru(bpy)2(C0)Cl]^ 150 9.6 3.2 197 75

[Ru(bpy)2(C0)Cl]^ 150 19.2 3.2 502 203

[Ru(bpy)2(C0)Cl]^ 150 9.6 0 1 .1 0.7

[Ru(bpy)2(C0)2]^^ 70 9.6 3.2 4.1 1 .1

[Ru(bpy)2(C0)2]^^ 100 2.9 3.2 10.8 0.4

[Ru(bpy)2(C0)2]^^ 100 9.6 3.2 147 82.7

[Ru(bpy)2(C0)2]^^ 150 9.6 3.2 198 75

a PfgSalt 0.05 mmol in Ĥ O (1 5 cm^. b Quantity of KOH initially added 

c Mol/(mol of catalyst 20 h).

Table 1 : Water Gas Shift catalysed by Ru(bpy)2-carbonyl complexes
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It has been suggested that [R u(bpy)2 (C0)C I ] " ' ’ undergoes thermal

a n d  p h o t o c h e m i c a l  s o l v o l y s e s  in H 2  O to g i v e

[ R u ( b p y ) 2 ( C 0 ) ( H 2 0 ) ] 2 +  (eqn.5) and [R u (b p y )2 (H 2 0 )C I ]+  (eqn.6) 

respect ive ly

[Ru(bpy)2 (C0)C I ]+  + H2 O  > [Ru(bpy)2(CO)(H20]2+  + C f  eqn.5

[Ru(bpy)2 (C0)C I ]+  + H2 O [Ru(bpy)2(H20)CI ]+  + CO eqn.6

The add i t ion  of an a queous  KOH so lu t ion  to a w eak lyac id ic  

so lu t ion  of [R u (b p y ) 2 ( C 0 ) ( H 2 0 ) ]^ ' ' '  resu lts in the fo rmat ion  of

[R u (b py )2 (C 0 ) (0 H ) ]+  eqn.y^O

[R u(bpy)2 (C 0) (H 20) ]2+  + OH '— >[R u(bpy)2 (C0)(0H) ]+  + H2 O eqn.7

The pH dependence  of the react ion is revers ib le,  as shown by 

the UV/V is  spectra'^*^’ ^ ^ .

[ R u ( b p y ) 2 ( C O ) 2 ] ^ ' ' '  u n de rgoes  a n uc leoph i l ic  a t tack  of the

coord ina ted  CO by OH" to g ive the Ruthen ium  hyd roxycarbony l
10



complex  [Ru(bpy) 2 (C O ) (C O O H ) ]+ .  Thus [Ru(bpy) 2 (C O ) 2 ] ^ ^  may 

exist  as an equi l ib r ium mixture with [R u ( b p y ) 2 ( C 0 ) ( C 0 0 H ) ] ' * "  in 

w ea k  alkal ine so lu t ions (eqn.8)

[Ru(bpy) 2 (CO) 2 ]^+ + O H '  > [R u (b p y )2 (C 0 ) (C 0 0 H ) ]+  eqn.8

T he  h yd ro xyca rb o n y l  co m p le x  fo rm ed  in eqn .8  is known  to 

u n d e r g o  d e p r o t o n a t i o n  r e a c t i o n s  in s t r o n g l y  a l k a l i n e  

s o l u t i o n s ^ ^ .  Ano the r  equi l ib r ium ex is t ing in a lka l ine  so lu t ions, 

therefore, may be expressed by eqn.9

[Ru(bpy) 2 (CO)(COOH)]+  + O H '— ^ [R u (b p y )2 (C 0 ) (C 0 0 ' ) ]+  + H2 O

eqn.9

In the  w a te r  g a s  sh i f t  re a c t ion  u n d e r  a q u e o u s  a lk a l in e  

cond i t ions,  CO readi ly  reacts with O H '  quant i ta t ive ly  to form a 

fo rm a te  ion, wh ich  may funct ion as a bu f fe r  to so m e  extent,  

adjust ing the pH of the initial solut ion around 8.5 . However ,

the pH va lue of the solut ion is lowered gradua l ly  to abou t  7.5 

due to the formation of carbonate  ion ar is ing from C O 2  evo lved

in the course of the water  gas shift react ion. Thus the react ion 

in a lka l ine  m e d ia  ac tua l ly  p ro ce e d s  at pH 7.5 - 8.5. The 

d is t r ibut ion of several  Ru(l l )  spec ies  at var ious  pH's  ca lcu la ted 

from the equi l ib r ium constants  is shown in Fig.1.
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Fig.1 : The d istribution of several R u(ll) species at various pH's'^*^

The water gas shift reaction catalysed by some transit ion 

metal carbonyls, M(CO)0 (M = Cr, Mo, W) in alkaline media has

been reported to proceed preferentially by decomposit ion of the 

formate ion (eqn.10) which is produced at the beginning of the

H C 0 0 ‘ + H2O . M(C0)6  ̂ ^ Qo  ̂ + OH' eqn.10

r e a c t i o n ^ ^ ’ ^ ^ ’ "^^. For example, HCOO' reacts with M(C0)5 

resulting from the dissociation of a CO ligand of M(CO)0 to 

afford M(C0 )5 0 C (0 )H ' ,  which undergoes a decarboxylation to 

generate M(C0 )5H", as proposed by King et a l . ^ ^ ’^ ^ .  Tanaka^*^

12



has examined the H2 evolut ion arising from the decomposit ion 

of HCOOH in the presence of the Ru(ll) complexes. The amount of 

H2 evolved however was much smaller than that in the water

gas shif t reaction at 100° C  despite the presence of a large 

amount  of HCOO" in the solution. Thus the decomposit ion of 

HCOOH may not be the main pathway for the H2 evolution in the

present water gas shift reaction.

A p laus ib le  cata ly t ic  cycle of the reaction is dep ic ted  in 

scheme 1 ;[ Ru(bpy)2Cl2]  in an aqueous alkaline solution may be

c o n v e r t e d  to [ R u ( b p y ) 2  ( C O ) 2 p r o b a b l y  t h r o u g h  

[R u ( b p y ) 2 ( C 0 ) C I ] ‘  ̂ and [ R u ( b p y ) 2 ( C O ) ( H 2 0 ) ] ^ ‘'’ successive ly, 

fol lowed by the substi tution reaction by CO. The nucleophi l ic  

attack of OH" to one of the coordinated CO of [Ru(bpy)2(CO)2]^'^

at pH 8.0 - 9.0 gives [Ru(bpy)2 (C0 )(C O (OH)]"^, which undergoes 

the decarboxylat ion to give [Ru(bpy)2 (C 0 )H]"'’ . The hydride thus 

formed reacts with H 3 0 ' ' '  to evolve H2 and also regenerates 

[Ru(bpy)2 (C0 )(H2 0 )]^'^. The different routes have been supported 

by the isolation and characterisat ion of the intermediates.

13



[R u L (C O )C L ]

R u U  CO H,0

[RuLjlCO)̂

[RuU(CO)(OH)l

[RuU(CO)(COOH)]

[RuL2(C0)H] 

CO2

[ R u L 2 ( C 0 ) ( C 0 0 ‘ )1

Scheme 1 : The water gas shift reaction catalysed by Ru(li) complexes'^®

As has been shown, Ru(ll) carbonyl bipyridyl complexes are very
o 7

active cata lysts for the water gas shift reaction'^ , especia l ly  

when the reaction can be carried out under very mild aqueous 

a lka l ine  cond i t ions .  The po ten t ia l  to pe r fo rm  the above 

cata ly t ic  cycle in-situ is very excit ing, part icu lar i ly  as the



intermediates could be isolated and examined spectroscopically 

in-situ. Therefore, it was decided to carry out all the reactions 

in Nation, which is a commercial  ionomer. lonomers are 

polymers containing a low concentration of charged units along 

the chain and have been the subject of increasing interest 

during the past twenty five years. The presence of ionic groups 

in the polymer changes some of its properties dramatically. 

These changes are due primarily to the presence of reversible 

ionic crossl inks in these materials. Because of the low 

dielectric constant of most organic polymers, the ions or ionic 

dipoles tend to aggregate; this aggregation process, however, is 

limited because the ionic groups are covalently bonded to the 

organic chains^^.

lonomers have shown themselves to be spectacularily useful as 

separators in the chlor-alkali  industry, and as packaging 

materia ls because of their high strength and permeation 

propert ies.

Perf luorinated ionomer membranes have been increasingly 

important since their introduction in the late 1960's. The first 

commercial example, Nafion, is manufactured by E. I. duPont de 

Nemours & Co. It is synthesised by the copolymerisation of 

tetraflouroethylene with a perfluorovinyl ether under the -SO2 F

form. Nafion has the structure shown in Fig.2



- [(CF2-CF2)m - C F - C F j j n -

O

CF2

CF-CF3 z

WHEN; 
m = 5 to 13.5 
n = ca 1,000 1

2 =1 .2 .3—  CFz

SO3H

Fig.2 : Structure of Nation

Variat ion in the value of m from 5 to 13.5 yields equivalent  

weight (EW) polymers from 950 to 1800. The EW is defined as 

the we igh t  required of the acid fo rm to neutra l ize  one 

equivalent of base. It is this factor which has the greatest 

inf luence on membrane propert ies. Polymers with EW below 

1000 exper ience excess ive so lvent  swel l ing and disso lu t ion 

o c c u rs ,  w h e re a s  p o ly m e rs  w i th  EW in the  ra nge  

1000-1500g/mol are suitable as ion transport  membranes.

Structural ly the membranes are complex. In addit ion to some 

crysta l l in i ty ,  there are two d is t inc t  non-c rys ta l l ine  regions, 

the hydrophobic f luorocarbon phase and the hydrophi l ic ionic 

ares. Several structural models and variat ions on such models 

have over the years been proposed for Nation. E isenberg 's^^  

concep t  of c luster fo rmation (1970) prov ides a reasonably  

genera l ,  m o lecu la r  ene rge t ics -based  theory  of m ic rophase



formation in ionomers. Certain assumptions can be chal lenged

though, such as the degree of crystal lini ty not being accounted

for. The cluster model of Hopfinger et al."^^ (ca.1976) may be

considered to be a natural evolut ion from Eisenberg 's concept

but unfortunately it preceded the wealth of in formation from

structural studies that appeared short ly afterwards. The most

favoured  model at p resen t  is tha t  of a c lu s te r -n e tw o rk
4 fiar ra n ge m e n t  deve loped by Hsu and G ie rke  . The ionic 

clustering model is that of approx imate ly  spherica l domains 

and the ion exchange sites are found near the interface, 

probab ly  imbedded in the water  phase. Such a s t ruc ture 

satisfies the strong tendancy for the sulfonic acid si tes to be 

hyd ra ted  and at the sam e t ime m in im izes  un favo u ra b le  

interact ions between water and the f luorocarbon matrix. The 

hydrated ionomer has spher ica l  domains  with an inverted 

micel lar structure. The ionic clusters are assumed to be ~40A 

in diameter and the channels ~10A in length.(f ig.3)

5  0  nm

^ S O j

SOj

Fig.3 ; C luster network model developed by Gierke for Nation perfluorina ted 

membranes.
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The perf luorosulfonic acid exchange site is a very strong acid 

as it is complete ly  d issocia ted in water. This leads to the 

remarkab ly  high degree of water  uptake observed in the 

perf luorinated ionomer, as much as 50% by volume for 944 EW 

po lymer.  As the po lymer absorbs more wa te r  the c lus ter  

diameter, exchange sites per cluster, and water molecules per 

exchange site all increase. The increase in the number of 

exchange sites per c luster with increasing water  content  is 

noteworthy because it suggests that cluster growth does not 

merely occur by an expansion of the dehydrated cluster. Rather, 

the growth of clusters appears to occur by a combination of 

this expansion and a continuous reorganization of exchange 

sites so there are actual ly fewer clusters in the fully hydrated 

sample (fig.4 )^^ .

S O j so;

DECREASE WATER

SO-,'

SO-,

Fig.4 : Redistribution of ion exchange sites which occurs on dehydration of the 

po lym er
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On dehydration the exchange sites from two clusters could be 

redistr ibuted to form a third new c lus ter  w i thout  s ign if icant  

spatial  translat ion of polymer chains. The phenomenon of water 

absorp tion has been exp la ined^^  in terms of the formation of 

the hydration shel ls around the ion dipoles.

Nafion was chosen as the supporting matrix because of its many 

useful properties. It is known to have the fol lowing advantages:

1. Good permiselect iv i ty  - This is com m on ly  known as the 

Donnan Effect and is the dif ference resulting from the relative 

dif fusion rates of cat ions and anions through the membrane. 

This dif ference is attributed to the Donnan potential  which is 

produced by the tendancy of mobile counterions to diffuse out 

of the membrane. This produces a potential  gradient at the 

po lymer-solut ion interface. There fore  the equi l ibr ium sorption 

of anions is suppressed. As a result the incorporation of neutral 

and posit ively charged species is faci li tated.

2. Resistance towards chemical attack - Nafion has been shown 

to be extremely useful as a chemical ly inert support ing matrix 

into which cationic species can be incorporated. The Nafion is 

found to strongly retain these cat ionic species, even in the 

presence of aqueous, alkaline and alcohol ic solution.

3. Nafion is a transparent material - therefore it is extremely 

useful for spectroscopic measurements. It has no absorption in 

the UV/Vis region or in the carbonyl region of the IR.
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4. Nation has the ability to exist in two forms, the acid or base 

form. This is simply done by exchanging the proton from the 

sulfonic acid moiety for a sodium ion. The pH can also be 

control led by immersing the membrane in a buffer solution. The 

exchangab i l i ty  of the membrane is part icu lar ly  useful when 

at tempt ing  to fo l low in-situ react ions by IR spec t roscopy  

because of the comple te  absorption that  occurs for acidic 

membranes.

5. Photochemical processes can be fol lowed very easily. As a 

photochemical reaction is taking place the intermediates may 

be monitored in-situ by UV/Vis and IR spectroscopy. The Nation 

i tself is not altered during photochemistry.

6. Nation has a cluster network structure - this means that it 

can be used to determine the size and dist r ibut ion of the 

incorporated cations, being either homogeneously  distr ibuted or 

in close proximity to one or both surfaces of the membrane.
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SECTION 2 RESULTS AND DISCUSSION

2.1 Introduction

An inves t iga t ion  of the ch e m is t ry  and p h o to c h e m is t r y  of ca rbony l  

c o m p le x e s  of Ru( l l )  inco rpo ra ted  in Nat ion , and the i r  su b seq u e n t  

react iv i ty ,  w as  carr ied out in this pro ject ,  with the pu rpose  of their  

e xp lo i ta t io n  in ca ta ly t i c  sys te m s ,  e sp e c ia l l y  the  w a te r  gas  sh if t  

re a c t io n .  T h e  m o n o c a rb o n y l  c o m p le x e s  [ R u ( b p y ) 2 ( C 0 ) C I ] ' ' '  and

[R u (b p y ) 2 (C 0 )H]'^, and the dicarbonyl complex [Ru(bpy)2 (C O ) 2 ]^' ' ’ have

been  iso la ted  and ch a ra c te r ise d  (IR, U V /V is  s p e c t ro s c o p y ) .  The 

ch lo rocarbony l  com pound  is an ex t remely  usefu l  star t ing materia l  as 

it undergoes  both thermal  (loss of CP) and p ho tochem ica l  ( loss of 

CO) subst i tu t ion. [ R u ( b p y ) 2 ( C 0 ) C I ] ‘̂  w as  re p o r ted ^^  to be a catalyst

f o r  t h e  p h o t o c h e m i c a l  w a t e r  g a s  s h i f t  r e a c t i o n  - th e  

c h lo r o c o m p o u n d ,  the  a q u a c a r b o n y l  or th e  d ic a r b o n y l  c o m p le x  

[ R u ( b p y ) 2 ( C O ) 2 ] ^ ' ’’ (p rev ious ly  p repared by D e a c o n ^ ^  and Kel ly et 

a l . ^ * ^ )  w e re  th o u g h t  to be the  a c t i v e  s p e c i e s ^ ^ .  H y d r id e
q 7

i n t e rm e d ia te s  in the  c a ta ly t i c  cyc le  w e re  p o s tu la t e d ' ^ '  but no 

e v id e n ce  fo r  the i r  ex is tence  dur ing  the cyc le  w as  ob ta ined  unti l  

T a n a k a ^ * ^  re p o r te d  the  s u c c e s s fu l  i s o la t io n  o f  the  h y d r id e  

intermediate . Kelly and V o s ^ ”' had p repared  [R u ( b p y ) 2 ( C 0 ) H ] ' ‘‘ ear l ie r

(by react ion of N a B H ^  with [ R u ( b p y ) 2 ( C 0 ) C I ] ' ^ )  and showed that it

d e com p o se d  with evo lu t ion of hydrogen in the p resence  of acid to 

g iv e  th e  a q u a c a r b o n y l  c o m p le x .  M e y e r ^ ^  s h o w e d  tha t  the 

hydroxycarbony l  complex could be genera ted  from the ch lorocarbony l
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Cp
complex by reaction in alcoholic base. O'Connell has shown

that the chlorocarbonyl complex is attacked by base, resulting in the

loss of CO2 to give the diaqua complex [R u (b p y )2 (H 20 )2 ]^ ^  and

C o l e - H a m i l t o n  33,37 reported that the aqua species will

regenerate the chlorocarbonyl or aquacarbonyl moieties when light 

assisted reactions of CO are performed.

Therefore, it seemed possible that a catalyt ic scheme for the 

evolution of CO2 and H2 may involve some of the above processes.

Tanaka et a l .^^  systematically report the isolation of the possible 

in termedia tes in the water gas shift  reaction cata lysed by 

[R u (bpy )2 (C 0 )C I ] '^  which is a catalyst precursor in weak aqueous 

alkaline solutions.

Consequently, it was considered possible that the water gas shift 

reaction could be carried out in Nation. All reactions would be 

performed in-situ with the potential isolation of the intermediates 

in the membrane. The reactions would be monitored by Infra-red and 

Ultra-violet spectroscopy without altering any of the physical or 

chemical properties of the sample. The results are easily reproduced 

and the species are very stable in the membrane. It is interesting to 

compare the reactivity of the complexes in Nafion with their 

reactivity in solution.

Table 2 below gives spectroscopic data for each of the compounds 

involved in the catalyt ic cycle. Signif icant spectral changes are 

observed when the complexes are incorporated into Nafion. These 

changes will be discussed in later sections.
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[ R u ( b p y ) 2 ( C O ) 2 ]^ '^  w as  chosen  as the ini tial  entry  po in t to the

p A
T a n a ka  cyc le  because  the p repara t ion  w as  p rev ious ly  descr ibed  

and the  c o m p le x  wel l  ch a ra c te r ise d .  Upon in c o rp o ra t io n  of the 

co m p le x  into Nat ion it was  be l ieved that nuc leoph i l ic  a t tack  wou ld  

lead to the evolut ion of C O 2  and H 2 , and the subsequen t  formation

in-situ of the com p lexes  in the cycle. The prepara t ion, incorporat ion 

and react ions pe r fo rmed on [R u(bpy ) 2 ( C O ) 2 ]^"'’ are descr ibed in the 

f o l l o w i n g  s e c t i o n ;  th e  s u b s e q u e n t  s e c t i o n s  w i l l  d e s c r i b e  

[ R u ( b p y ) 2 ( C 0 ) H ]  + , [ R u ( b p y ) 2 ( C 0 ) C I ]  + . [ R u ( b p y ) 2 ( C 0 ) ( H 2 0 ) ] 2  + , 

[ R u ( b p y ) 2 ( C 0 ) ( C 0 0 ' ) ] ' * '  and f inal ly  [R u (b py ) (C O ) 2 C l 2 ]- The overal l  

ca ta ly t ic  cyc le  in Nat ion will then be reviewed.
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Compound

I.R.Ccm^) UV/V is (nm)

Compound Nafion Compound Nafion

2f
[Ru(bpy) (CO) ]

2 2
2035
2084

2054
2104

316(Sh)
310(Sh)
302
248

316CSh)

300
248

[Ru(bpy) (CO)H] ^ 
2

1930 1960 452
348

273

450
350

272

+
[Ru(bpyHCO)CI ] 1966 2005 418(Sh)

353
313(Sh)
282
260(Sh)

415(Sh)
353(Sh)

264

[Ru(bpyXCO) Cl ] 
2 2 2055

1997
330

2100
2038

354
313
305
286

306

2+
[Ru(bpy)(CO)(H 0 )]

2 2 2010 475
350
260

+
[Ru(bpyHCO)(OH)] 1988 440

348
280
246

+
[Ru(bpy) (CO)(COO')]

2
1965 446

350
272

+
[Ru(bpyHCO)(COOH)l 1970

Table 2 : Spectroscopic data
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2.2 [Ru(bpy)2(CO)2][PFg]2

The route  ch o sen  fo r the p repara t ion  of the d ica rb o n y l  co m p le x  

involved the known reaction, in ethanol,  of bpy with the red carbonyl

so lu t io n  [R u ( C O ) 2 C l 2 ]p to yield [R u (b p y ) (C O ) 2 C l 2 ]^ '^ -  React ion in

? 4e th a n o l  y ie lds  a red /purp le  p ro du c t  as repo r ted  by W i lk inson*^^  

w h e r e a s  a q u e o u s  e t h a n o l i c  s o lu t io n  g iv e s  y e l l o w  c r y s ta l s .  

[ R u ( b p y ) ( C O ) 2 C l 2 ] and bpy were ref luxed in e thano l /water  for 24 hrs.

Upon addi t ion of a concent ra ted  aqueous  solut ion of N H 4 P F 0  ye l low

c rys ta ls  fo rmed .  These  were recrys ta l l ised  from e thano l /w a te r .

The UV/V is  spec t rum (C H 3 CN) g ives absorpt ion  m ax im a  at 316(sh),

310(sh),  302 and 248nm. The Ir spectrum (KBr disc) has at 2035

and  2 0 8 4 c m ' " ' .  Both spectra  are in ag reem en t  with the l i terature^*^. 

The  co m p le x  is inso lub le  in w a te r  but readi ly  so lub le  in o rgan ic  

s o lv e n ts .
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2120 2060 cm-1 2020

0

ABS

0

200

F ig .5 : IR (K B r)  a n d  U V /V is (C H 3 C N )  s p e c t ra  o f [R u ( b p y ) 2 ( C O ) 2 ] [P F 6 ]2

The complex  ini t ial ly had to be incorpora ted  into the Nation 

m embrane before exper iments  could be carr ied out. This was 

achieved by first dissolving the complex in a solut ion in which the 

Nation sample would subsequently be stirred. Water was the desired 

solvent because of its unreactivi ty with Nation but was unable to be 

used because of the insolubi l ity of the complex. Alcohols were not 

desired for use because of their solvent swell ing effect on Nation. 

Therefore, it was decided to dissolve the complex in acetone and to 

subsequently evaporate off the acetone by swirl ing to leave a very 

fine deposit  of the complex on the sides of the container. Pure water 

was then added and the mixture stirred for several minutes. Finally,
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the Nation sample was added to the suspension and stirred for a 

specif ied time. After removal of the sample from the solut ion the 

surface water was removed between sheets of tissue.

The UV/Vis and IR spectra were then recorded . The UV/Vis spectrum 

shows absorption maxima at 316(sh), 302 and 248nm while the IR

spectrum shows at 2104 and 2053cm"' ' .

75

10

2100 2000

ABS

0-0
200 300 nm l̂ OO

Fig.6 ; IR and UV/Vis spectra of [R u(bpy)2(C O )2][PF0]2 incorporated in Nation

As can be seen, upon incorporation of the complex into Nafion the 

recorded IR spectrum shows a signif icant shift of the carbonyl bands 

to higher wavenumber. This shift in wavelength was consis tent in
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all sa m p le s  p repared .  Coord ina t ion  of the c o m p le x e s  results in a 

d e c re a s e  o f the  s t re tch in g  f re q u e n c y  of f ree  c a rb o n  m o n o x id e  

( 2 1 5 5 c m ‘ ^).  All of  the d ica rbony l  c o m p le x e s  e xh ib i t  two  s trong 

ca rb o n y l  bands  in the region 2000  - 2 1 1 0 c m '^  ind ica t ive  of cis 

s te reochem is t ry .  The rep lacem en t  of a p i -donor  l igand (CT) with a 

p i -accep to r  l igand (CO) to form the d ica t ion ic  co m p le x  leads to a 

decrease  in the M-C bond order,  thus increas ing the CO bond order

and raising v ^ q .The Naf ion med ium is also a ffec t ing the carbony l

pos it ion  (sect ion 2.8.6).

2 .2.1 Tr eat ment  of [ R u ( b p y ) 2 ( C O ) 2 ] [ P F 0 ] 2  with NaOH 

Sol ut i on

It is be l ieved  tha t  there  may be two su cce ss ive  equ i l ib r ia  in an 

a q u e o u s  a lka l ine  so lu t ion  of [R u (b p y ) 2 ( C O ) 2 ]^ '^  ■ The species

fo rm ed  ini tial ly is thought  to be the O H '  uns tab le  (hyd roxyca rbony l )  

co m p le x  wh ich  upon fu r ther  OH" t rea tm en t  is depro to n a te d  to give 

the (C O O ' )  spec ies .  There fo re ,  [R u (b p y ) 2 ( C O ) 2 ] ^ ’'’ n iay exist  as an

equ i l ib r ium  mix tu re  with [ R u ( b p y ) 2 ( C 0 ) ( C 0 0 H ) ] " ' '  in weak ly  alkal ine 

so lu t ions as shown in eqn.8

[Ru(bpy) 2 (C O ) 2 ]^+ + 0 H ‘ ----------- ^ [R u (b p y )2 (C 0 ) (C 0 0 H ) ]+  eqn.8

28



Ano the r  equ i l ib r ium  ex is t ing in a lka l ine  so lu t ion  m ay  be exp ressed  

by equat ion 9

[Ru(bpy)2 (CO)(COOH)]+  + 0 H ‘ ---------) [Ru(bpy)2 (CO)(CO O') ]+  eqn.9

T h e  f o r m a t i o n  o f th e  m o n o ( h y d r o x y c a r b o n y l )  c o m p le x  f ro m  

[ R u ( b p y ) 2 ( C O ) 2 ]^"' ’ may be cons is ten t  with the fact that a simi lar

equ i l ib r ium  react ion is known to occu r  for [R u (b p y )2 ( C O ) 2 ] [ P F 0 ]2

with NaOCHg in dry CH3OH giving [Ru(bpy)2 (C O )C (O )O C H 3] [PF0].' *̂^

The nuc leophi l ic  attack of O H '  on [R u (bpy )2 ( C O ) 2 ]^"'’ incorpora ted in

Naf ion  w as  m on i to red  by IR and UV/V is  sp e c t ro sco p y .  Fo l low ing  

t re a tm e n t  of the sa m p le  with 0 .2M N aO H  for 1min the re  is a 

s ign i f icant  change  observed in the recorded IR spec t rum  : the two 

carbony l  peaks  at 2054  and 2105cm" ' '  have d e c rea se d  in intens ity  

and a new band has grown in at ca. 1 9 6 0 c m ' W i t h  inc reased  

t rea tm en t  t ime the carbony l  peaks are seen to d isa p p e a r  a l together  

whi le  the ingrow ing peak at ca. 1960cm"^  con t inues  to increase in 

in te ns i ty :  a f te r  2 0 m ins  the  d ic a rb o n y l  c o m p le x  is c o m p le te l y  

c o n v e r te d  to the d e p ro to n a te d  (h y d ro x y c a rb o n y l )  and the  peak 

remains unchanged .  However, with 0.2M NaOH solu t ion the overal l  

reac t ion  is rapid and it is d i f f icu l t  to m o n i to r  the in te rm e d ia te s  

s p e c t r o s c o p i c a l l y .
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Fig.7 : IR spectra of a. [R u (bpy )2 (C 0 )(C 0 0 H )]''' and b. [R u (b p y )2 (C 0 )(C 0 0 ') ] ‘̂  in Nafion

In an attempt to isolate the (hydroxycarbony l)  in te rmedia te  the 

reaction was per formed using w eaker  a lka l ine cond i t ions  than 

previously. Upon incorporation of the d icarbonyl into Nafion the 

membranes were treated with one of 0.01, 0.02, 0.05, 0.1 and 0.2M 

NaOH solut ions. Complete conversion of the dicarbonyl  complex to 

the carboxy la te  complex (1965cm'" ' ,  446, 350 and 272nm) occurs 

readily with all but 0.01 M NaOH solution. Upon addition of the 0.01 M 

NaOH solut ion continuous scanning in the UV/Vis region of the 

spectrum shows an immediate signif icant increase in intensity at 

350 and 450nm. This trend continues for 90 mins after which time 

the spectra begin to superimpose themselves and a stable species is
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obta ined.  The IR region was also moni tored for a membrane 

containing a strong concentrat ion of the dicarbonyl complex (Fig.8). 

Fol lowing 1 mins treatment in 0.01 M NaOH solut ion the bands at 

2105 and 2054cm'"*  remain intense but a very weak stretch is 

appea r ing  at 2005cm' '*  (a). As trea tment t ime is increased the 

2 0 0 5 c m ' ^  band increases in in tens i ty  and moves  to lower 

w a ve nu m be r  (b) - it subsequent ly  spl i ts s l ight ly  ind icating that 

there are two species present, p resumably the (hydroxycarbonyl)  

(1970cm '" * )  and the deprotonated (hydroxycarbonyl) (1960cm '^ )  (c). 

As the treatment is continued the (hydroxycarbonyl) peak decreases 

in intensity as the carboxylate  peak increases (d). This trend is 

result ing from the deprotonat ion reaction. There is still substantial  

evidence for the dicarbonyl species, conversion to the deprotonated 

(hydroxycarbonyl) is not complete and an intermediate species is 

present, presumably the (hydroxycarbonyl).

100

2200 2000 1900 2200 2000 1900 2200 2C00 1900 2200 2000 1900
cm'1

F ig . 8  : IR spec tra  o f [R u (b p y ) 2 ( C O ) 2 ] [ P F 0 ] 2  fo l low ing  t re a tm e n t w ith  0.01 M N aO H  

so lu tion for a. 1, b. 5, c. 10 and d. 40m ins
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Upon treating the incorporated sample with 0.2M NaOH solution at 

room temperature the UV/Vis spectra subsequent ly  recorded show 

noticeable changes as the treatment is continued, with the gradual 

growth of new absorption bands at 446, 350 and 272nm. When the 

d icarbonyl  complex has been comple te ly  conver ted there is no 

further change in the spectrum.
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F ig .9 : UV/V is  abso rp t ion  spec trum  of [R u (b p y ) 2 ( C O ) 2 ] [P F 0 ] 2  a fte r  5 m ins trea tm en t 

w ith  0 .2M NaO H  solution.

Although the above treatment was repeated for other samples using 

the same materials, the UV/Vis spectra are identical but there is 

some shifting of the carbonyl band occurring in the IR spectra. The 

ingrowing carbonyl band is found between 1958 and 1965cm'^ after 

10 mins treatment with 0.2M NaOH solution. This effect is thought 

to be due to the medium effects of the Nafion membrane (section 

2 .8 .6 )

32



T a n a k a ^ ®  suggests that the free (hydroxycarbonyl)  is found at 

1 9 6 0 c m ' ' ' .  In the experiments carr ied out in Nation it was initially 

t h o u g h t  th a t  the s p e c ie s  fo rm e d  at 1 9 6 0 c m ’  ̂ was the 

(hydroxycarbonyl),  but this was found not to be the case when the 

reaction was performed under very mild alkaline condit ions - it is

thought that the Nation is causing a shift of v ^ q to occur during the

reactions of the complexes, fur ther to the shift upon incorporation

of the complexes, giving higher values for the complexes formed

in Nation.

It is possible in weakly alkaline solut ions that the t ime required for 

the di f fusion of O H '  into the membrane is affect ing the overal l  

reaction, producing the unstab le  (hydroxycarbony l)  which upon 

further treatment in O H '  undergoes a rapid deprotonation to give the 

deprotonated (hydroxycarbonyl).  In Nation the (hydroxycarbonyl) is 

tho u g h t  to be the ca.IGyOcm'"*  spec ies .  The d e p ro to n a te d  

(hydroxycarbony l )  [R u (b p y )2 (C 0 ) (C O O ') ] " ^  is found at 1960cm""’ in 

Nation, similar to that of the free (hydroxycarbonyl).

The equ i l ib r ium reaction was also mon i to red  by p repar ing  a 

dicarbonyl sample in Nation and subsequent ly  treating it in 0.2M 

NaOH solution as before to give the deprotonated (hydroxycarbonyl). 

This was fo l lowed by t rea tment  in 0.01 M NaOH solu t ion and 

s u bsequ en t ly  in increas ing ly  s t ronger  co n cen t ra t io ns  of NaOH 

solut ions. IR spectral results indicate that in 0.01 and 0.02M NaOH 

solution the dicarbonyl is still strongly present even after 90 mins 

treatment shown by the presence of two intense stretches at 2105 

and 20 54cm '" ’ - however with the stronger concentrat ions of base
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t h e  e q u i l i b r i u m  l ie s  on th e  s id e  o f  t h e  d e p r o t o n a t e d  

(h yd ro xyca rb o ny l ) ,  shown  by the p re sen ce  of on ly  one s tre tch at 

1 9 6 0 c m ‘ " ' .

It is in te res t ing  to note at this po in t that the 1 9 6 0 c m ’ '' sp e c ie s ,  

a t t r ib u te d  to the  d e p ro to n a te d ,  c a rb o x y la te  sp e c ie s ,  a p p e a rs  to 

p roduce  the sam e UV/V is  and IR spectra  as the p repared  hydride, 

[R u ( b p y ) 2 ( C 0 ) H ] ' ' ' ,  when this complex is incorporated into Nation. The

hydr ide g ives at 1960cm '" ’ and UV/V is  absorp t ion  m ax im a  at

450, 350 and 272nm (sect ion 2.3). Therefo re, the quest ion  arose as 

to w he the r  a possib ly  new and effect ive pa thway  to the hydr ide had 

been d iscovered. This idea led to the decis ion to carry  out heat and 

photo lys is  exper im ents  on the two spec ies  in ques t ion .  The results 

wi l l  be d is c u s s e d  in sec t ion  2.7. H o w e ve r ,  the m o s t  im po r ta n t  

m ethod  of d i f fe rent ia t ing  between the hydr ide and the depro tona ted  

(h y d ro xyca rb o n y l )  is to co n s id e r  the reac t ions  of the  sp e c ie s  in 

water .  The hydr ide  should  give the aquaca rbony l  co m p le x  w hereas  

the d e p ro to n a te d  (hyd roxyca rbony l )  should  revert  to the d ica rbony l  

com p lex .

2 .2 .2  Heat  t r e a tm e n t  of [ R u ( b p y ) 2 ( C O ) 2 ] [ P F g ] 2  in Nat ion  

with N aO H  Solu t ion

Severa l  e xp e r im e n ts  were  carr ied  out to de te rm in e  the e f fec ts  of 

both tem pera tu re  and durat ion of t rea tment  in NaOH solu t ion on the 

d icarbony l  com plex  incorporated in Nat ion.

34



a. Temperature studies : The temperatures of the 0.2M NaOH 

solutions examined ranged from 25°C  to 100°C . Nation samples 

which had previously been incorporated with [Ru(bpy)2 (C O )2] [PF0]2

were stirred in the NaOH solutions of varying temperature. The 

e f fects of tempera ture  were monitored by UV/Vis  and IR 

spectroscopy at room temperature after removal of the samples 

from solution.

Results obtained indicate that the higher the NaOH solution 

temperature the higher the wavenumber of the ingrowing peak in the 

IR, which is found between 1955cm'^ (for a sample treated at room 

tem pera tu re )  to 2 0 0 0 cm '^  (for a sample treated at 1 0 0 °C ) .  

Obviously the temperature of reaction is having a large effect on the 

position of the ingrowing peaks; it appears probable that increasing 

temperature causes a significant swelling of the membrane, as a 

result the medium of the membrane is altered considerably, causing 

the shift in wavelength of the carbonyl peak. It is also possible that 

the species being formed at the different temperatures are not the 

same ; this fact has not been determined conclusively as yet because 

although the UV/Vis spectra recorded are the same (the absorption 

maxima are seen to occur at 448, 350 and 272nm) the IR spectra 

exhibit very marked differences in the position of the carbonyl peak. 

However, the peak is very sharp in all cases with no evidence of an 

intermediate species in the form of a split carbonyl peak.
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F ig .10 : UV/V is  spectrum  of [R u (bpy ) 2 (C O ) 2 ) [P F 0 ] 2  in Nation fo l low ing  trea tm en t with 

0.2IVI NaOH
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F ig .11 : IR spec tra  o f [R u (b p y ) 2 ( C O ) 2 ] [ P F 0 ] 2  in Nat ion  fo l low ing  trea tm en t in 0.2M 

NaOH solution at a. 2 5 °C  and b. 7 5 °C
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b. Time studies : Apart from the varia tion in reaction tem perature 

the duration of treatment was also varied. Upon treating the sample 

with 0.2M NaOH solution the carbonyl peaks decreased in intensity 

while a new peak grew in the region 1955-2000cm '"* , the position 

of the stretch being dependent upon the reaction tem peratu re  as 

shown above. With the higher tem peratures, a faster reaction was 

expected because excessive swelling of the membrane should allow 

for easier diffusion of the NaOH but in fact no differentiation could 

be made between the rates of reaction over the temperature range 

25 - 100°C of 0.2M NaOH solution.

2.2.3 Photolysis of [Ru(bpy)2(CO)2][PF6^2 Nation

Photolysis was carried out using a medium pressure Hg lamp, a 

quartz water bath, quartz lens and quartz cuvette. The complex was 

first incorporated into Nation by the method previously described, 

the sample was then placed in the quartz cuvette conta in ing the 

required solvent and photolysis carried out for the desired times. 

The lamp used irradiates at ca. 254, 313, 365 and 436nm.
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2.2.3.1 P h o to ly s is  of [ R u (b p y )2  ( C O ) 2 ]  [ P ]2 in Nat ion  

i m m e r s e d  in H2O

Photolys is  was ini tial ly for periods of lOsecs but was gradual ly  

increased to periods of lOmins. The subsequent  reactions were 

m on i to red  by UV/Vis  and IR spec t roscopy :  as wi th prev ious 

experiments  these techniques are very useful for the recording of 

in-situ species. The percent  of decarbonyla t ion result ing from the 

photolysis can be easily obtained from the IR spectra.

A f te r  lO s e c s  ph o to ly s is  the re  is s u b s ta n t ia l  e v id e n c e  for 

decarbonyla t ion: in fact decarbonylat ion at this early stage is most 

rapid. The intensity of the carbonyl stretches at 2105 and 2054cm‘ "’ 

are reduced by 50% within the first 30secs. Apart from this there is 

the growth of a new stretch at 2 0 10 c m ’ "*. A f ter  only 95secs 

photolysis the three stretches are equal ly intense, but even after 

SOmins i r rad ia t ion  there is sti l l  s ign i f ican t  ev idence  for the 

dicarbonyl complex with the existence of two minor peaks at 2054 

and 2105cm '" ' .  The intense stretch at 2011cm'" ’ is characterist ic of 

the aquacarbonyl complex.
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F ig .12 : IR spectra of [Ru(bpy)2 (C O )2 ][P F 0 ] in Nation tollow ing photolysis in H2 O for a. 

10 secs b. 1.5 mins and c. 30 mins

There is also an apprec iab le  change in the recorded UV/Vis 

a b s o rp t io n  s p e c t r a  fo l l o w in g  i r r a d ia t i o n .  A f te r  o r ig in a l l y  

incorporating the complex the UV/Vis spectra  shows absorp tion 

maxima at 316(sh),  310(sh), 303 and 249nm. However,  upon 

prolonged photolysis (30mins) the spectrum has altered considerably 

to show new max ima at 330(sh) and 480nm. During fu r ther 

photo lys is ,  these absorp t ion  m ax im a con t inue  to increase in 

intensity but remain at the same wavenumber.
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F ig .13 : UV/Vis spectrum of [Ru(bpy)2 (C O ) 2 ] [P F g ] 2  in Nation following ptiotolysis in 

H 2 O for 1, 5, 10, 15, 20, 30 mins

It is thought probable that the dicarbonyl complex is initially

converted to the aquacarbonyl complex, [Ru(bpy)2C0(H20)]^ '^  which

in turn is converted to the diaqua complex c is - [Ru(bpy)2(H20)2]^" ' ’

seen by the existence of the band at 480nm (the trans isomer is

found at 492nm )^^ .  Therefore these species exist in the Nation,

giving rise to the stretches in the IR spectrum. The overall reaction
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is best explained by considering the photolysis process - the sample 

is irradiated at 436nm and initially all the energy is absorbed by the 

dicarbonyl complex, therefore conversion to the aquacarbonyl takes 

place readi ly. However, the aquacarbonyl  absorbs energy as the 

photo lys is  process is cont inued and convers ion  to the d iaqua 

complex occurs easily. The remainder of the light energy is absorbed 

by the dicarbonyl but conversion to the aquacarbonyl  is slower than 

previously because of the reduced avai lable energy.

Although photolysis was carr ied out for a total of 30mins there is 

ev idence in the spectra  that the d ica rbony l  com plex  has not 

completely converted to the diaqua complex because of the existence 

in the IR spectrum of the two weak bands at 2054 and 2104cm'" ' .  

Equation 11 shows the convers ion  of the d ica rbony l  to the 

aquacarbonyl and hence to the diaqua complex. This same result is 

obtained when the reaction is carried out using MeOH as solvent. In 

this instance the aquacarbonyl is primari ly formed fol lowed by the 

conversion into the diaqua complex.

H2O

[Ru(bpy)2(CO)2)2+ - - f ; ; ;  > [Ru(bpy)2(C0){H20)]2+

HgO hv

[Ru(bpy)2(H20)2]2+ eqn.11
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2 . 2 . 3 . 2  P h o t o l y s i s  of  [ R u ( b p y ) 2 ( C O ) 2 ] [ P F 0 ] 2  in Nat ion  

i m m e r s e d  in 0 .2M NaOH solut ion

The photo lys is  appara tus  was as before. The cuvet te  was fi l led 

w i th  0 .2M N a O H  in w h ich  p h o to ly s is  of the  s a m p le  w as  

per fo rmed.  Once  again the react ion w as  fo l lowed by UV/V is  and 

IR spec t roscopy .  After  incorporat ing the [R u (b py ) 2 ( C O ) 2 ] [ P F 0 ] 2

com p lex  the sample  was irradiated in the NaOH so lu t ion ini tial ly 

for 1 min, and then for increasing lengths of t ime.

Ini t ia lly,  a f ter  1mins photo lys is  the UV/V is  spec t rum  show s  the

growth of new absorpt ion max ima at 490, 350 and 295nm and the

ab sorp t ion  at 3 0 0n m  has been sh if ted  to a lm o s t  35 0n m .  As

photo lys is  t ime is increased (20mins)  the bands at 490 and 295 

con t inue  to increase in intens ity wh i le  the 2 56nm  absorp t ion  is 

g radua l ly  lowered in intensity.

T h e  IR s p e c t r u m ,  a f te r  1 5 m in s  i r r a d ia t i o n ,  s h o w s  th e  

d isappearance  of the carbonyl  peaks at 2105 and 2054cm' '*  and a 

new  peak  has g row n  in at 1 9 6 0 c m ‘ "*. W hen  the  sa m p le  is 

i r rad ia ted  fo r  a n o th e r  15m ins  the 1 9 6 0 c m ’  ̂ peak  has been 

sh if ted to 1 9 8 3 cm '" ' .  From prev ious  e x p e r im e n ts ^ ^  it is thought  

p ro b a b le  tha t  this spec ies  is the d e p ro to n a te d  a q u a ca rb o n y l .  

La ter  e xper im en ts  invo lv ing the hydr ide com p lex  in Nat ion g ive 

s im i la r  results  for a depro tona ted  aquacarbony l .
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F ig .14 : UV/V is spectrum  of [R u (bpy )2 ( C O ) 2 ] [P F 0 ] 2  in Nation fo l low ing  pho to lys is  

in 0.2M NaOH solution
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F ig .15 ; IR spec tra  of [R u (b p y )2 ( C O ) 2 ] [ P F 0 ] 2  in N a t ion  fo l low ing  p ho to lys is  in 

0.2M NaO H solution for a. 0.5 m ins and b. 30 mins
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The overal l  reaction takes place as in equat ion  12.

[Ru(bpy) 2 (CO) 2 ]^~^ NaOH/hv_^ [Ru(bpy)2 (CO)(COOH)] +

NaOH hv

[R u ( b p y )2 (C 0 ) (0 H ) ]+  eqn.12

2 . 2 . 4  C o n v e r s i o n  o f  [ R u ( b p y ) 2  ( C O ) (  C O O ’ )]■'■ to 

[ R u ( b p y ) 2 ( C O ) 2 ]^''' upon t r ea t m e n t  wi th  w at e r

A Nation sample  conta in ing [ R u ( b p y ) 2 ( C 0 ) ( C 0 0 ' ) ] ' * '  was sti rred in

w a te r  fo r  a total  of 10 hours after w h ich  t ime IR and UV/V is

absorp t ion  spec t ra  were  recorded, was found at 2105 and

2 0 5 3 c m " ^  whi le  the absorp t ion  sp e c t ru m  s h o w e d  m a x im a  at 

316(sh),  302 and 248nm. These results indicate the regenerat ion 

of the  d ic a rb o n y l  c o m p le x  and not the  g e n e ra t i o n  of the 

aq u a ca rb o n y l  co m p le x  ind icat ing that the 1 9 6 0 c m '" ’ p roduct  is 

indeed the deprotonated (hydroxycarbonyl )  and not the hydride.
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Fig. 16 ; IR and U V /V is  spec tra  of [R u (b p y ) 2 ( C O ) 2 ]^ '^  fo l lo w in g  treatnnent of 

[R u (b p y ) 2 ( C 0 ) ( C 0 0 ' ) ] ' * '  in Nafion with water

2 . 2 . 5  E f f e c t s  of  b u f f e r  s o l u t i o n s  on  

[ R u ( b p y ) 2 ( C 0 ) ( C 0 0 H ) ] +

The ca rboxy la te  spec ies was f irst p repared  by treat ing a 

dicarbonyl sample with 0.2M NaOH solution for an hour. A sodium 

borate buffer solution pH 10.7 was prepared and the carboxylate 

sample stirred in it for 30, 60, 120 mins and finally overnight to
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obtain an equi l ibrated sample. IR spectra were run after each 

treatment. The spectrum for the equi l ibrated sample exhibited 

two peaks at 2104 and 2053cm'"* assignable to the dicarbonyl 

and also a stretch at 1971cm'"* which was assigned to the 

(hydroxycarbonyl). It appears that at pH 10.7 the two species are 

in equi l ibr ium. The spectrum is identical to that obtained when 

the d ica rbony l  is t rea ted wi th the sam e bu f fe r  so lu t ion 

indicating that a reversible equi l ibr ium exists.

Further experiments were carr ied out to determine more fully 

the effects of subsequently increasing and decreasing the pH of 

the buffer solution used with the dicarbonyl sample. The sample 

was first stirred in sodium borate buffer solut ions of pH 10.09, 

10.41, 10.71, 11.02, 11.40, 11.68 and 12.02 for 4 hours. The pH of 

the buffer was then decreased and final ly the sample was stirred 

in pure water. IR spectra were run after each treatment.

At pH'^ 10.09, 10.41 and 10.71 the intensity of the peak growing 

at 1970cm '^  is very weak and only increases very sl ight ly as 

the pH is increased. The dicarbonyl stretches decrease slightly. 

However, when the pH is raised to 11.02 there is considerable 

alteration in the intensities of the stretches and at pH 11.40 the 

three s tre tches at 1970, 2105 and 2 0 5 4 c m '^ a r e  of equal 

i n te n s i t y .  It a p p e a rs  th a t  the  d i c a r b o n y l  and  the 

(hydroxycarbonyl) are in equi l ibr ium.
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Fig. 17.1 : Treatment of [R u (b p y )2 (C 0 ) (C 0 0 H ) ] ' ' '  consecutively with buffer 

solution at pH. a. 10.41, b. 10.71, c. 11.02, d. 11.40, e. 11.72

As the pH of the buffer solut ion is increased the dicarbonyl 

s tretches become signif icantly reduced in intensity and at pH 

12.02 convers ion  is a lmost  com p le te  with only very weak 

dicarbonyl  stretches visible in the IR region. It was interesting 

to observe that when the sample is treated in buffer pH 10.7 

instead of recover ing the spec ies  fo rmed prev ious ly  the IR 

spectrum now exhibits three stre tches of equal  intensity; the 

two dicarbonyl peaks are present at 2104 and 2053cm'" ’ w h i le  

the (hydroxycarbonyl) species is at 19 6 9 c m " T h e  sample was 

subsequen t ly  st i rred in pure wate r  overn igh t  to g ive three 

stretches at 2104, 2053 and 2012cm'" ' .  The stretch at 2012cm’
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is indicative of the aquacarbonyl species. The UV/Vis absorption 

maxima occur at 380 and 475nm, also in agreement with data for 

the aquacarbonyl complex.

1 0 0 '

3
2200 2000 22 0 0  2000 cm-’  2200  2000 2200 2000

Fig.17.2: Treatment of [R u (b p y )2 (C 0 ) (C 0 0 H ) ] '^  consecutive ly with Buffer solution 

pH : a. 12.02, b. 10.70, c. 10.72, d. treated in pure water overnight, e. pH 10.70

It is possible that at pH 10.70 there is some hydroxycarbonyl 

present, the broad stretch at 19 70 cm ' ' ’ could be obscuring it. 

Therefore, by treating the formed aquacarbonyl(cl) inpH 10.70 the 

hydroxycarbony l  st retch,  if present, may not be obscured.  

However, upon treatment of the aquacarbonyl sample with buffer 

solution pH 10.70 three stretches are present at 2105, 2054 and 

I Qe Qc m' " * .  There is still no evidence for the hydroxycarbonyl.  

Further treatment in water regenerates the aquacarbonyl.
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Fig.17.3 : Treatment of [R u (bpy)2 (C 0)(C 00H )]''' consecutively in Buffer solution, 

a & b. pH 10.70, c, d & e. pure water

It is obv ious  from the spectra  recorded that the medium 

surrounding the complex is affecting the rate of reaction of the 

buffer solut ions on the species formed - dif ferent spectra have 

been recorded when using the same buffer solution. This is due to 

the t ime taken for the ions to diffuse through the membrane and 

will be discussed later (Sec. 2.8.3).
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2.2.6 Attempted conversion of [ R u ( b p y ) 2 ( C 0 ) ( C 0 0 H ) ] ‘̂  to 

[Ru(bpy)2 (C0)H]+

In o rd e r  to ob ta in  the hyd r ido  ca rb o n y l  c o m p le x  the 

(hydroxycarbonyl) had first to be prepared. This was achieved by 

first incorporat ing the dicarbonyl  into Nation and treating with 

sodium borate buffer pH 11.91 for 12 hours. The IR spectrum 

recorded shows three stretches at 2105, 2052 and 19 5 7cm 'V  In 

order to attempt to convert the (hydroxycarbonyl) to the hydride 

the sample was then placed on the vac line and heated at 100°C 

for 12 hours. An IR spectrum was then run and exhibited three 

s t re tches  at 2105, 2053 and 1962 cm "" ' .  The stretch at

1 9 6 2 c m ' ' ’ is indicative of the hydride. The UV/Vis spectrum 

gives two absorption maxima at 350 and 450nm. These values 

are in agreement with those recorded when the prepared hydride 

is incorporated into Nation (Table 2). The hydride is known to 

convert to the aquacarbonyl when treated with acidic or aqueous 

solu t ions. There fo re  the sample was st i rred in pure water  

overnight  giving IR stretches at 2104, 2053 and 2012cm '" ’ and 

UV/Vis absorpt ion maxima at 380 and 475nm, these data are 

indicative of the aquacarbonyl. It should be noted, however, that 

there is also a substantial  increase in the dicarbonyl absorption 

indicating a signif icant reverse to this compound.
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Fig.18 : IR spectra of [R u (b p y )2 (C 0 ) (C 0 0 H ) ] ' ' '  undergoing conversion to 

[Ru(bpy)2(C0)(H20)]^"^. a. dicarbonyi, b. buffer pH 11.91, c. vacuum heated, 

d. pure water

2.2.7 Photolysis of [ R u ( b p y )2 ( C 0 ) { C 0 0 H ) ] ‘‘' in Nation

The samples were prepared by treating the dicarbonyl sample in 

sodium borate buffer solution pH 11.7 for 3-4 hours giving an IR 

stretch at 1953cm '" * . Photolysis was carried out as usual but a 

glass f i l ter (cutting off i rradiat ion below ~300nm) was placed 

in front of the sample to prevent irradiat ion of any dicarbonyi  

present. The influence of the fol lowing was examined.
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a. Buffer solution ; The sample was photo lysed in sodium 

borate buffer solution pH 11.7 . After 1 min there is only a slight 

change recorded in the IR spectrum with the 1953cm  ̂ stretch 

shift ing to 1956cm"' ' .  As photolysis is continued for periods of 

5, 10 and 30mins the stretch is recorded at 1957, 1957 and 

1 9 5 9 c m ’  ̂ respectively . However,  after  a fu r ther f ive hours 

treatment the stretch has shif ted to 1965cm . As well as the

sh i f t ing  of the (h y d ro xyca rb on y l )  s t re tch  the d ica rbony l  

stretches are decreased in intensity, even though the glass filter 

should  cut off i rradiat ion be low 350nm  (be low which the 

dicarbonyl absorbs light in the UV). Fol lowing treatment in pure 

w a te r  for severa l  hours the a q u a c a rb o n y l  is gene ra te d  

( 2 0 1  2 c m ' ^ )  in eq u i l ib r ium  with the d ica rbo ny l  (2015, 

2 0 5 4 c m ‘ ^ ).

0-0
2200 20002200 20002200 20002MO 2000 ^’200 ^00°2200 2000

Fig. 19: Photolysis of [R u (b p y )2 (C 0 )(C 0 0 H ) ] ' ' '  in buffer solution pH 11.70 for a. 1, 

b. 5, c. 10, d. 30 mins, e. 5 tnours. f. treated in pure water for 3 hours
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b. Dry c ond i t io ns  : The prepared sample  was dr ied on the vac 

l ine for approx. 10 hours leading to s tre tches in the IR region at 

2105, 2 0 54  and 1 9 5 3 cm ‘ "'. Fol lowing photo lys is  for 5 mins two 

s t re tches  w ere  observed  at 1993 and 1947cm '^  - the 1993cm '^  

s tretch is poss ib ly  due to [R u (bpy )2 ( C 0 ) 0 H]' ' '  p roduced  in the

re a c t io n ,  the  1 9 4 7 c m ‘  ̂ s t re tch  has not been  a ss ig n e d .  As 

photo lys is  is con t inued after  two hours the 1947 and 1993cm '^  

s t re tches  are no longer seen but a stretch at 1 9 65 cm '^  with a 

s h o u ld e r  at 1 9 90 cm " ' ’ is present.  At this s tage of the process  

there is no sign if icant change in the intensi t ies of the d icarbonyl  

s tre tches. However, after  a fu r ther  two hours  photo lys is  there is 

a very no t iceab le  d e c rease  in the in tens i ty  of the  d ica rbony l  

s t re tches  and an increase in the s tre tch at 1 9 6 5 c m '" ’ . This is 

probably  best exp la ined by consider ing the nature of the reaction. 

Ini t ia l ly  the  d e ca rb o n y la t io n  react ion is s low, p o ss ib ly  due to 

r e a c t io n  o f s o m e  O H '  p re s e n t  in the  m e m b r a n e  g iv in g  

[ R u ( b p y ) 2 ( C 0 ) 0 H ] ' ' '  which exp la ins the stretch at 1993cm '" ’ . As

photo lys is  is con t inued  the hydr ide is fo rm ed  with a stretch at 

1 9 6 5 c m ' " ’ . On ly  when  this co m p le x  is fo rm e d  can photo lys is  

cause  the decarbony la t ion  react ion to occur.  Final ly,  t rea tm en t  

in w a te r  causes  fo rmation of the aquacarbony l .
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Fig. 20 : Photolysis of [R u(bpy)2(C 0)(C 00H )]'^  under dry conditions for a. 1, 

b. 5, c. 20 mins, d. 2, e. 4 hours, f. treated in pure water for 3 hours.
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2.3 [R u(bp y )2 (C 0 )H ] [P F g ]

C i s - [ R u ( b p y ) 2 ( C 0 )C I ] ' ^  and N a B H ^  were  a l lowed to react in

aqueous ethanol  to g ive c is - [Ru(bpy) 2 (C 0 )H] ' ' ' ,  the complex  being

isola ted as the hexa f lu o ro ph o sp h a te  der iva t ive^"* .  The carbonyl  

s t r e t c h  (K B r  d is c )  o c c u r s  a t 1 9 3 0 c m ' ^  w h ich  is at a 

cons ide rab ly  lower w a ve n u m b e r  than that fo r  the o ther  carbonyl 

com p lexes  prepared - this is due to the e lect ron donat ing  abi l i ty 

of the  h yd r ide  ion. The UV/V is  (C H 3 CN) s p e c t r u m  s h o w s

absorp t ion max ima at 452, 348 and 273nm. The hydr ide complex 

is known to be s tab le  to o rgan ic  and w e a k  a q u e o u s  a lka l ine 

so lu t ions  but to be unstab le  to acid, d e com p o s ing  to g ive the 

aquaca rbony l  complex.^" '

[Ru(bpy) 2 (C 0 )H]+ + H3 O+ ---------------- > [Ru(bpy)2 (C 0 ) (H 2 0 )]2 + + H2

eqn.1  3
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Fig.21 ; IR(KBr) and UV/VisiCHgCN) of [Ru(bpy)2(C0)H][PFg]

All samples were prepared by first incorporating the hydride 

into the Nation membrane. As with the dicarbonyl complex the 

hydride is insoluble in water, it also decomposes rapidly in 

weakly acidic solution to give H2 and the aquacarbonyl. As a

result a mixture of solvents was required : the system used was 

acetonit r i le /  0.2M sodium hydroxide solution/ water (equal 

volumes). The acetonitrile dissolves the hydride while the water 

removes any traces of the acetonitrile from the membrane, thus 

preventing any undesired reactions taking place. The NaOH 

solution was used to keep the solution and membrane basic and 

thus prevent conversion to the aquacarbonyl.
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The hydride was incorporated by stirring a Nation strip in the 

solut ion to give the required concentra t ion of sample.  A low 

concentrat ion sample was prepared in order to be able to record 

a UV/Vis spectrum. As a result  the IR bands are necessar i ly  

weak in intensity. The UV/Vis spectra recorded show absorption 

maxima at 270, 350 and 450nm. As with the dicarbonyl,  upon 

incorporation into Nation of the hydride there is little change in 

the recorded UV/Vis spectrum.

The IR spectrum shows a s ign if icant shif t  for the carbonyl 

s t re tch  of ca.SOcm"^ to give a peak at 19 60cm '" ’ . The 

incorporated samples show only a weak absorption in the IR 

spectrum and bands are quite broad.

75'
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Fig.22 : IR and UV/Vis spectra of [Ru(bpy)2(C0)H ][PFg] in Nation
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2.3.1 Heat treatment of [R u (bp y )2 (C 0 )H ] ' * '  in Nation

The effects  of heat were exam ined  by st i rr ing a hydride 

incorporated Nation in either boiling aqueous NaOH solution or in 

a heated, dry, sealed flask.

a. NaOH Solution ; The hydr ide was first incorporated into 

Nafion by the method prev ious ly  descr ibed  to g ive UV/Vis 

absorption maxima at 272, 350 and 452nm and an IR stretch at 

19 6 0cm '" ' .  The sample was then stirred in boiling 0.2M NaOH for 

20mins and spectra recorded. The UV/Vis spectrum shows no 

change in the position of the absorption maxima but there is a 

slight decrease in the intensity of the band. This trend continues 

as the sample is treated for increasing periods of time. The IR 

spectrum recorded after 20mins shows a carbonyl  stretch at 

1 9 6 2 c m ' ' * ;  as the treatment is continued there is no change in 

the position of the carbonyl peak.

Dry Thermolysis : As above, the hydride was incorporated into 

the Nafion, the sample was then placed in a stoppered round 

bottomed flask and immersed in an oil bath at 120°C  for 20mins. 

After being removed from the flask IR and UV/Vis spectra were 

recorded. The UV/Vis absorption maxima are at 270, 350 and 

450nm while the IR carbonyl stretch occurs at 1960cm'' * .  Both 

spectra appear to be unaltered to any appreciable extent. The 

sample was reheated as before for a fur ther 30mins but no 

change was recorded in the spectra.

58



2.3.2 Photo lys is  of [ R u ( b p y ) 2 ( C 0 ) H ] ' ' '  i n c o r p o r a t e d  in 

Nat ion

The hydride was incorporated into the Nation by the method 

described previously. Photolysis was carried out using a Hg lamp, 

a quartz lens and water bath, and a quartz cuvette containing the 

sample. Samples were select ively photo lysed in either NaOH 

solut ion or under atmospher ic  condi t ions.  Photo lysis reactions 

were monitored by IR and UV/Vis spectroscopy.

a. Photolysis in NaOH solution : A fter  incorporation of the 

hydride into Nation the carbonyl stretch occurs at 1963cm'^  in 

the IR spectrum while the UV/Vis spectrum exhibits absorption 

maxima at 272, 350 and 450nm. Upon photolysis of the sample in 

0.2M NaOH for 30secs the UV/Vis spectrum begins to show an 

increase  in the abso rp t ion  in tens i ty  at 270nm  but this 

absorption maxima has at the same time been shifted to 278nm. 

The 354 and 450nm absorptions have also grown considerably 

with the 450nm absorption growing more rapidly.

The sample was further photolysed for periods of 1, 3 and 5mins. 

The UV/Vis spectra continue to exhibit  a pattern of increasing 

absorption with the 272nm band being shif ted eventual ly  to 

286nm and the 350 and 450nm absorptions being shifted to 356 

and 480nm respectively. The corresponding IR spectra exhibit  

carbonyl  s t re tches at 1963cm ‘ "* which decrease in in tensity  

with each success ive  photo lys is  per iod unti l a f ter  20m ins  

i r radiat ion there is no ev idence for the ca rbony l  s tre tch; 

indicating that the decarbonylat ion reaction is complete  - it is
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probab le  that the c is -d iaqua com plex  has been formed as 

indicated by the UV/Vis absorption at 480nm, in agreement with 

the l i te ra tu re^^ .

• 5
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F ig .23 : U V /V is  sp ec tra  o f  [R u (b p y ) 2 ( C O ) H ] [ P p 0 ] in Nat ion  a f te r  p ho to lys is  in 

0.2M NaO H  solution

b. Atmospheric  photolysis: The hydride was incorporated into 

Nation in the usual manner with the result  that the membrane 

conta ins water. The sample was placed in a dry quartz cell 

exposed to the atmosphere and irradiated for 0.5, 1, 3, 5 and 

lOmins. After O.Smins irradiation there were noticeable changes
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in the UV/Vis spectrum with a marked increase in intensity of 

the absorptions at 272 and 452nm, a decrease in intensity of the 

248nm absorp t ion  whereas  the 348nm  absorp t ion  remains 

unaltered. The single change occurring in the IR spectrum is the 

decrease in intensity of the carbonyl stretch which is still found 

at  1 9 6 3 c m ' ^ .  Fo l low ing  2 0m ins  p h o to ly s is  the UV/V is  

absorption maxima are to be found at 248, 282, 348 and 454nm 

with a continuous growth in intensity observed for all but the 

248nm absorption maximum. The IR spectra shows the gradual 

decrease in intensity of the 1963cm'" '  carbony l  stretch until 

after 20mins it has completely disappeared

1*5
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Fig .24 ; U V /V is  spec tra  of [R u (bpy ) 2 ( C O ) H ] [P F 0 ] in Nation a fte r pho to lys is  under 

a tm o sp h e r ic  co nd it ions
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2.3.3 Treatment of [Ru(bpy)2(C0)H]" ‘' in Nation with H2 O

Following incorporation of the hydride into Nation the sample 

was stirred in pure water for selected periods of time. After one 

hours treatment the UV/Vis spectrum shows absorption maxima 

at 275, 352 and 452nm which is very similar to that observed 

for the hydride incorporated in Nation. In the IR spectrum, there 

is a slight shift of the carbonyl peak from 1960 to 1965cm"' ' .  

After a further SOmins treatment in H2 O the UV/Vis spectrum

showed absorption maxima at 260, 356 and 468nm. The IR 

spectrum is considerably altered with the 1965cm'^ peak being 

shifted to higher wavenumber at 2012cm '" ' .  Upon further 

treatment in water ( Ihr)  there is no change observed in either 

the IR or UV/Vis spectra indicating that a stable species has 

been formed; this species is assumed to be the aquacarbonyl 

complex.
100

2100 2000 1^150 c m ’ 2100 2000

Fig.25 : IR spectra  of [R u (bpy ) 2 ( C O )H ] [P F 0 ] in Nation after t rea tm en t in H 2 O for 

a. 30  m ins and b. 90 mins
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2.4 [Ru(bpy)2(CO)CI][PF6]

[ R u ( b p y ) 2 ( C 0 ) C l ] +  w as  r e p o r t e d ^ ^  to be a ca ta lys t  for the

p h o to c h e m ic a l  w a te r  gas  sh i f t  re a c t io n .  T h e  c o m p le x  w as  

is o la te d  as a s e c o n d a r y  re a c t io n  p r o d u c t  in th e  kn o w n  

p r e p a r a t i o n ^ ^ ’ ^ ^  of [Ru(bpy)2 C l 2 -2 H 2 0  wh ich  invo lves react ion

of[ RUCI3 .3 H 2 O] with bpy in refluxing DMF. The ch lo rocarbonyl  is a

wel l  charac ter ised  com pound  and may be used as the precursor  

for  a large fami ly  of b is (bpy)Ru( l l )  co m p le x e s  by both thermal  

an d  p h o t o c h e m ic a l  ro u te s .  F o l lo w in g  p r e p a r a t i o n  o f the  

c h lo ro c a rb o n y l  c o m p le x  sp e c t ra  w e re  re co rd e d .  The  U V/V is  

(C H g C N )  spect ra shows absorpt ion max ima at 262, 282, 313, 352

and 41 5n m .  The  IR s p e c t ru m  sh o w s  a c a rb o n y l  s t re tch  at 

1 9 6 6 c m ' ' ' .
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F ig.26  : IR (KBr) and U V /V is (C H 3 CN) spectra  o f [R u (b p y ) 2 (C O )C I][P F 0 ]
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It was found that [Ru(bpy)2 (C 0 )C I ] [C I0 4 ] is readily soluble in

acetonitrile but not in water. Therefore, in order to incorporate 

the complex it was initially dissolved in acetonitrile which was 

subsequently evaporated off. Pure water was added to give a 

desired concentration and the Nafion strip was then stirred in 

this mixture. The IR spectrum shows the carbonyl stretch to have 

shifted from 1966cm'"’ in the free compound to 2005cm'^ in the 

incorporated sample and similarly the UV/Vis spectrum shows a 

shift from having absorption maxima at 262, 282, 313, 352 and 

415nm to having absorptions at 204, 353(sh) and 415(sh)nm.
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Fig.27 ; IR and UV/V is spectra  of [R u (bpy) 2 (C O )C I ] [P F 0 ] inco rpo ra ted  in Nafion
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2.4.1 Treatment of [Ru(bpy) 2 ( C O ) C I ] [ P F 0 ] in Nation w i th  

HgO

Fol lowing incorporat ion of the comp lex  into Nation the membrane  

was st i rred in pure water  at 2 5 ° C  for 2 0 m in s  a fter  wh ich  t ime 

the UV/V is  and IR spectra were recorded.  The IR spec trum still 

exh ibi ted a peak at 2005cm'" '  and the UV/V is  absorpt ion  max ima 

occurred  at 264nm. No change  in e i ther  spec t ra  was observed.  

The m em brane  was st i rred in pure w a te r  for a fu r the r  hour but 

again no change was recorded in ei ther  the UV/Vis or IR spectra. 

H o w e v e r  [R u ( b p y ) 2 ( C 0 ) C I ] " ' '  undergoes  a thermal  so lvo lys is  in

water  to give [Ru(bpy)2 (C 0 ) (H 2 0 ) ]^ ' ' ’ according to the equat ion

[R u (bpy )2 (C 0)C I ]+  + H2 O  > [R u (b p y )2 (C 0 ) (H 2 0 ) ]2 +  + Cl '

The IR spectrum shows at 201 Ocm'"* and UV/V is  absorp t ion

max ima occur at 475, 350 and 260nm. These  va lues  are in c lose 

a g re e m e n t  with  those  for the a q u a c a rb o n y l  fo rm e d  f rom  the 

h y d r i d e  c o m p l e x .  W h e n  a N a t i o n  s t r i p  c o n t a i n i n g  

[ R u ( b p y ) 2 ( C 0 )C I ] ' ^  w as  im m erse d  in w a te r  and p ho to lysed ,

photo lab i l isa t ion  of C O  ini t ia l ly y ie lded [R u ( b p y ) ( H 2 0 ) C I ] ' ' ‘ . The 

a b so rp t io n  m a x im a  occu r  at 345 and 50 5n m .  On p ro lo n g e d  

photo lys is  [R u (b p y ) 2 ( H 2 0 ) 2 ]^' ' '  is fo rmed with absorpt ion m ax im a  

at 342 and 486nm. It is probable  that the labi l ised ch lor ide ions
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are ejected from the hydrated clusters of the Nation due to the 

negat ive  poten t ia l  in the inter c lus te r  cha nn e ls  (Donnan 

Effect)'^^.
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Fig.28 : IR and UV/Vis spectra of [Ru(bpy)2(C0)(H20)]^'^ in Nation

2.5 IRu(bpy)2(C0)(H20)]2 +

The aquacarbonyl in Nation was prepared by treating the hydride 

in Nation in water overnight. Conversion of the aquacarbonyl to 

the dicarbonyl  was then attempted by irradiation of the sample 

under varying condit ions. The aquacarbonyl was first photolysed 

under ambient condit ions in a quartz cell with a 0.75cm glass 

plate f i l ter  to prevent irradiat ion of the d icarbonyl  as it was
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formed. Photolysis produces the growth of a new absorption 

maximum at 480nm while a s imultaneous increase in intensity 

at 340 and 390nm also occurs. However, after 4 hrs irradiation 

the shoulder at 395nm has completely disappeared. The spectra 

indicate the format ion of the d iaqua complex.  This is fur ther 

shown to be the case by the gradual decrease in intensity of the 

stretches at 2104 and 2053cm’ "' in the IR region. However, in 

order to convert the aquacarbonyl to the dicarbonyl the CO groups 

must not be labil ised. The irradiation was therefore carr ied out 

under an atmosphere of CO but the results were as before.

The aquacarbony l  was also t reated in a lka l ine so lu t ions of 

concentrat ions ranging from 0.01 M to 0.2M NaOH. By monitoring 

the carbonyl region of the IR the position of equi l ibr ium can be 

determined. In weakly  basic solut ions equi l ibr ium lies on the 

side of the aquacarbonyl but for samples treated in bases of 

0.05M or greater the equi librium favours the hydroxycarbonyl.

2. 5 . 1  C o n v e r s i o n  of  [ R u ( b p y ) 2  ( C 0  ) ( H 2  O ) ] ^ to 

[Ru(bpy)2(CO)2]2+

The aquacarbonyl species was obtained by treating the hydride in

Nation in water overn ight to obtain complete convers ion. The

sample was then placed in a Bomb calor imeter at 30atm CO and

heated at 120°C  for 12 hours. Initially experiments were carried

out where  the bomb also con ta ined a sod ium borate buffer
67



solution of pH 12.4 or 9.01. After removal of the sample from the 

bomb the IR spectra exhibit four stretches in the carbonyl region 

at 2104, 2084, 2054 and 2 0 3 9 c m '’’ . These were assigned to the 

free d icarbonyl and the incorporated d icarbonyl. It appears that 

the reaction in the bomb is causing some of the formed dicarbonyl 

com plex to be re leased from the Nation m edium . The free 

dicarbonyl complex is soluble in acetone and was removed from 

the sample by washing in acetone leaving only a pure incorporated 

dicarbonyl sample.
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Fig.29 : IR spectrum following treatment of [R u ( b p y ) 2 ( C 0 ) ( H 2 0 ) ] ^ ‘'' in a bomb 

ca lor im eter with buffer solution p H l 2 ' 4
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The above reaction was also performed using water instead of the 

aqueous alkaline solution - reaction proceeded cleanly to give 

only the incorporated dicarbonyl sample.

If, indeed, the aquacarbonyl complex had not been converted to the 

dicarbonyl complex as expected, then on treating the sample with 

an aqueous alkal ine solut ion the depro tona ted  species, 

[R u (b p y )2 (C 0 ) (0 H ) ] ' ^ ,  should be formed. Therefore, the above,

water treated hydride sample, thought to be the aquacarbonyl, 

was stirred in 0.2M NaOH solution for 30mins. The UV/Vis 

absorption maxima occur at 275, 350 and 450nm while the IR 

spectrum shows carbonyl peaks at 2011 and 1988cm'" ' .  The 

201 Icm""* stretch is assigned to the aquacarbonyl species while 

the 1988cm '^  stretch is thought to be the deprotonated, 

hydroxycarbonyl species. The sample was stirred again in 0.2M 

NaOH solution for a further 20mins. The UV/Vis spectrum shows 

little change with absorption maxima at 246, 280, 348 and 

440nm. The IR spectrum only exhibits one carbonyl stretch at 

1 9 8 9 c m ‘ "'. At this stage the aquacarbonyl has been fully 

converted to the deprotonated, hydroxycarbonyl species. If this 

sample is subsequently treated with water it should return to the 

aquacarbonyl as in eqn.14. This is indeed found to be the case.

[Ru(bpy)2(C0)(0H)]+ + H2O  > [Ru(bpy)2(C0)(H20)]2+ eqn.14
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Fig.30 : IR spectrum of [Ru(bpy)2(C0)0H]"^ in Nation

2.6 C o m p a r i s o n  of [R u ( b p y )2  ( C O ) H ] [ P F g ] and

[R u(b py )2 ( CO ) (C OO ") ] [P F0 ]  incorporated in Nation

When [Ru(bpy)2 (CO)2]^'^ was treated with 0.2M NaOH solution the 

expected reaction was the formation of the (hydroxycarbonyl) 

species, [Ru(bpy)2 (C0 )(C0 0 H)]"^, but instead spectra were recorded

which were in very close agreement with those recorded for the 

incorporated hydride. Therefore a series of experiments were 

necessary to discover if the formed species was the same as the 

incorporated hydride. Photolysis and heat experiments were 

performed on the hydride in Nation and also on the species formed 

when the dicarbonyl was treated with NaOH solution.

As previously explained, upon treating a [Ru(bpy)2 (C O )2] [P F 0]2
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incorporated Nation with an aqueous 0.2M NaOH solution a marked 

change could be observed in the UV/Vis and IR spectra. The

absorption spectra of [Ru(bpy)2 (CO)2] [P F0]2 in Nation shows two

absorption maxima at 248 and 302nm which gradually disappear 

upon the addition of aqueous NaOH solution; instead three new 

bands at 272, 350 and 446nm appear. In the IR spectrum there is a 

noticeable change as the stretches at 2053 and 2105cm ' ' ’ 

disappear completely and a peak grows in at 1960cm'^. These 

spectra are obtained after only three minutes treatment with 

NaOH solution and are stable thereafter to further NaOH 

treatment. These spectra are in close agreement with those 

obtained upon incorporation of the hydride into Nation. Although It 

was thought that the (hydroxycarbonyl) species should be formed 

by the above procedure because of the use of such mild 

condit ions'^*^, further investigations were carried out to assure 

the identity of the above formed species and to prove that it was 

not the hydrido carbonyl. The reversibility of the deprotonated 

species to give thed icarbony l  complex has previously been 

discussed in section 2.2.4.

Photolysis and heat studies in both NaOH solution and 

atmospheric conditions were performed on the hydride and the 

new formed unknown species. These experiments for the hydride 

have been discussed previously in section 2.3. Following the 

experiments on the unknown species (described below) it was 

finally thought to be the deprotonated (hydroxycarbonyl) species 

[R u ( b p y ) 2 ( C O ) ( C O O ■)] [P Fg]  which is in equil ibrium with

[Ru(bpy)2(C0 )(C0 0 H)][PFg]
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2.6.1 Therm olys is  of [ R u ( b p y ) 2 ( C 0 ) ( C 0 0 " ) ] ' ' '  in Nation in 

a. NaOH solution

All the  s a m p le s  w e re  p re p a re d  by f i r s t  in c o rp o ra t in g  

[ R u ( b p y ) 2 ( C O ) 2 ]^ '^ into Nation and treating with 0.2M NaOH

solut ion. This gave UV/Vis spectra with absorp tion maxima at 

272, 350 and 450nm while appears at 1960cm '^  (section

2 .2 .1).

a. NaOH solution : Heat studies were carr ied out by placing the 

Nation sample in boi l ing 0.2M NaOH solut ion for consecut ive 

per iods of 20, 30 and 30 mins. Initially, fol lowing treatment of 

[R u (bpy ) 2 (C O ) 2 ]^'^ with NaOH solution at room temperature the IR

c a rb o n y l  s t re tch  o ccu r re d  at 19 6 0c m '^  and the UV/V is  

absorption maxima were observed at 272, 350 and 450nm. After 

st irr ing the sample in boi ling NaOH for 20mins the 1960cm'' '  

peak had shifted to 1958cm'"’ and the UV/Vis absorption maxima 

were at 275,348 and 440nm. When the sample was further treated 

for 30mins in boi ling NaOH solut ion the 1958cm'^  stretch had 

shi f ted noticeably to 1985cm""' but no change was apparent in 

the UV/Vis spectrum. Fol lowing a fur ther treatment of 30mins 

the IR stretch remained at 1986cm'"'  and the UV/Vis absorption 

maxima appeared at 275, 350 and 450nm.

72



90

30
2000 cm-'' 1900 2000 cm-'' 190n2200

Fig.31 : IR spectra of [Ru(bpy)2 (C 0 ) (C 0 0 ‘ ) ] [P F g ] in Nation after treatment with 

boiling 0.2M NaOH solution for a. 20 nnins and b. 50mins.
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Fig.32 ; UV/Vis spectrum of [Ru(bpy)2 (C O ) (C O O ') ] [P F 0] in Nafion after treatment 

with boiling 0.2M NaOH for 50 mins



As can be seen from the above results,  by compar ison  with those 

obta ined fo r  the hydride where  no change  w as  observed  (sect ion 

2.3 .1),  the re  is a very  m arked  d iss im i la r i ty  in the IR sp e c t ra  

obta ined; a c lear  ind icat ion that two d i f fe ren t  spec ies  are be ing 

fo rmed .

2.6 .2  Pho to lys is  of [ R u ( b p y ) 2 ( C 0 ) ( C 0 0 " ) ] ' ' '  in Nat ion in a. 

NaOH solut ion and b. A tm o sp h e re

Samples  were  prepared by f i rst incorporat ing [R u (b py ) 2 ( C O ) 2 ]^ ' ' ’

into Naf ion and treat ing with 0.2M NaOH solut ion. Photo lys is  was 

carr ied out as before. The samples were  se lect ive ly  photo lysed in 

either NaOH solut ion or under a tmospher ic  condi t ions. UV/V is  and 

IR spectra  were  recorded after each irradiat ion period.

a. N aO H  solut ion:  The sample  was photo lysed or ig inal ly  for a

per iod of 3 0 secs  a f te r  w h ich  t ime the IR sp e c t ru m  re m a in e d

u n c h a n g e d  w i th  at 1 9 6 0 c m ' " * .  A f te r  a fu r th e r  Sm ins

photo lys is  was found at h igher w avenum ber ,  this increase in 

w a v e n u m b e r  c o n t inu e d  as pho to lys is  w as  co n t inu e d  unti l a f te r  

20mins had shif ted to 1 9 8 4 cm '^ .
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Fig.33: IR spectra of [R u (bpy)2 (C 0)(C 00 ')][P F g ] in Nafion after photolysis in 0.2M 

NaOH solution for a. 3 mins and b. 20 mins

The reaction was also monitored by UV/Vis spectroscopy - an 

absorption maximum began to grow in at 490nm while the maxima 

at 350 and 275nm increased in intensity. There is a simultaneous 

decrease in the intensity of the 248nm absorption. It was also 

observed that the 275nm absorption shifts to longer wavelength 

as photolysis is carried out - after 20mins total i rradiation it is 

found at 286nm.
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Fig.34 : UV/Vis spectra of [R u (b py )2 (C 0 )(C 0 0 ‘ )][PFg] in Nation after photolysis in 

0.2M NaOH

b. A tm osphere  : The sample was placed in a dry quartz cuvette 

exposed only to the atmosphere. Fol lowing photolysis for 20mins

the IR spectrum shows v ^ q at IGBecm'"* - the posit ion is

unchanged during photolysis although there is a decrease in the

intensity  of the IQeecm""* peak. The UV/Vis spectra exhibi t  a

marked increase in intensity at 486 and 350nm while there is a

gradual decrease in intensity at 242nm. It is interesting to note

that the 272nm absorption is shif ted to 288nm after  30secs

photo lys is whereas in the samples photo lysed in 0.2M NaOH

solution the shift is much more gradual.
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Fig.35: UV/Vis spectra of [Ru(bpy) 2 (C O ) (C O O ') ] [P F 0 ] in Nation atter photolysis 

under atmospheric conditions

2.7 Ru(bpy)(CO)2Cl2

The c o m p ou n d  w as  prepared according to the known preparat ion 

by re f lux ing  the  red ca rbony l  so lu t io n " '^  [ R u ( C O ) 2 C l 2 ]p| with

excess bpy in aqueous  ethanol ic  solut ion giving (KBr) = 1997 

and  2055cm'" *  wh i le  the absorp t ion m ax im a  occur  at 354, 305
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and 286nm. Incorporation into Nation was achieved by dissolving 

the compound in acetone which was then evaporated off. Water 

was added and the mixture boi led. The Nation strip was then

stirred in this solut ion for an hour, = 2040,  2 1 0 0 c m ' ' ' .

UV/Vis = 306nm.

7

2100 2000 1950 cm'^

3-5
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500300200 nm

F ig .36  : IR (K B r d isc) and U V /V is (C H 3 CN) spectra  o f [R u (b p y )(C O )2 C l2 ]
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F ig .37  : IR and U V /V is spectra  of [R u (b py )(C O )2 C l2 ] inco rp o ra ted  in N ation

2.7.1 P h o to ly s is  of R u ( b p y ) ( C 0 ) 2 C I 2  in Naf ion im m ersed  

in H 2 O

The photolysis apparatus was as before - the cuvette was fil led 

with water into which the sample was placed. The sample was 

photo lysed init ial ly for 15secs, irradiat ion was for a total of 

20mins. A f te r  only 15secs irradiat ion a not iceab le  shif t  had 

occured in the UV/Vis spectrum with the growth of a new band at
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625nm. As photo lys is  is p ro longed  the 625nm  absorp t ion  

increases in intensity and a new absorption maxima at 490nm 

grows in. This trend continues as photolysis is prolonged.

The reaction was also moni tored by IR spec t roscopy  - as 

photolysis t ime is increased the v^ q peaks at 2040 and 2100cm'"* 

decrease in intensity whi le a new peak grows in at 19 9 5 c m 'V

ABS

0-0
600

Fig.38 ; UV/Vis spectrum of [Ru(bpy)(CO)2Cl2] in Nation after photolysis in H2O
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2.8 DISCUSSION

2.8.1 Infra-red Spectroscopy

Carbon monoxide is known to form complexes with almost every 

transit ion element as well as with the metals of Group 1B. The 

bonding in these complexes cons is ts  of two components ,  a 

forward sigma bond and a backward pi bond. The sigma bond is 

formed by the overlap of the highest fi l led orbital of CO (5o) 

with empty orbitals of the metal, whi le the pi bond is formed by 

overlap of formally  full d-orbitals of the correct  symmetry  with 

the lowest empty orbital of C0{2n) .  Both the 5a and 2k  orbitals 

are loca l ised mainly  on the carbon atom so meta l -carbon 

multiple bonding is occurring. The two components of the bonding 

are synergic - pi donation by the metal makes it a better sigma 

acceptor and causes the CO group to become a better sigma donor. 

This affects electron and orbital avai labi l i ty at both the carbon 

and metal, stabi lising metals in low oxidation states.

The v ibra t iona l  spec tra  of metal ca rbony ls  are part icu lar ly  

informative - they are sharp, sensit ive to their environment and 

are often quite intense. The number and pattern of the bands 

gives information about the molecular symmetry and geometry, 

whi le the position of the bands relate to the bonding.

Metal complexes containing one or more CO l igands bound to a 

single metal atom show one or more intense bands between 1800
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and 2 2 0 0 c m ' ' '  - these are ass igned to the carbon-oxygen  stretch 

of the coord ina ted  CO. The CO stre tches are highly sensit ive to 

the en v i ro n m en t  and exhib i t  large in te rac t ions^®.

Upon coo rd ina t ion  of 2 ,2 '-bpy to a meta l  s l igh t mod i f ica t ion  of 

th e  s p e c t r u m  o c c u r s ^ ^  - in p a r t icu la r  the  r ing f re q u en c ie s  

( 1 6 0 0 - 1  OOOcm'"*) undergo sl ight but obse rvab le  shif ts to h igher 

w a v e n u m b e r .  The  bands at 995 and 7 5 9 c m '^  ( free l igand) are 

those  which have been suggested to be most useful for d iagnosis  

of coordinat ion of bpy to a metal®®. Upon coord ina t ion  the fo rmer 

sh i f ts  to 1 0 1 0 c m ' ' ’ whi le  the lat ter o ften shif ts by as much as 

1 0 - 2 0 c m ' ^  to h igher wave length .

It has  p r e v io u s l y  be en  s u g g e s t e d  th a t  c i s - b i s ( b p y ) R u ( l l )  

c o m p le xe s  have spec tra  which are more com p lex  in the region 

7 0 0 - 8 0 0 c m ' ^  than those for the trans co m p le xe s® ' ' .  The bands 

near  760 and 7 3 0 c m ' ' '  are ch a rac te r is t ic  of v ib ra t ions  of the 

pyr id ine  con juga ted  rings.

All of  the b is (bpy)  com p le xe s  show bands  at 1 6 0 0 c m '^  and at 

app rox .  730 and 7 7 0 cm ' ' '  due to the bpy ring v ibra t ions.  Two 

sha rp  bands  at 1245 and 1315cm ' ' '  are due to a rom a t ic  C-N 

s t r e t c h i n g ® ^ .  C-H bending modes  w ere  o b served  at 1450 and 

1 4 7 0 c m ' ^

Free  c a r b o n  m o n o x id e  e x h ib i ts  a s t re tc h in g  f r e q u e n c y  at 

2 1 5 5 c m ' ^ .  Upon coord ina t ion  to Ruthen ium a dec rease  in bond

o rde r  results  fo r CO with a d e c rease  in v ^ q . The  m o n o m e r ic

carbony l  com p lexes  [R u(bpy)2 (C 0 )L ]^ ' ' '  exhibi t a strong band in the
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ran ge  19 5 0 - 2 0 2 0 c m ‘ '’ , this is ind icat ive  of c is s te reochemis t ry .  

The posi t ion of this band is direct ly  re la ted to the pi accep to r  

p roper t ies  of the sixth l igand and the  overa l l  ch a rg e  on the 

c o m p le x .  The  m o n o m e r ic  d ic a rb o n y l  c o m p le x e s  e x h ib i t  two

in tense  bands  in the reg ion 1980-21 OOcm"^ . v ^ q is g reater  for

the d ica t ion ic  spec ies  because  reduced e lec t ron  dens i ty  results  

in a decrease of Ru-CO back bonding which increases the CO bond

order  and raises v ^ q .  Simi la r  effects were reported by Meyer  

for  the isoe lectron ic  bis(bpy) com p lexes  of NO"^. [ R u L 2 ( C O ) C l 2 ]

co m pounds  exh ib i ted a single  stretch at 3 3 0 c m ' \  required for a 

trans ch lo r ide  conf igu ra t ion .

The above  fea tures  were common for all the spec tra  recorded. 

However, addi t ional features were observed in the spectra  of the 

ind iv idual com p lexes .

Upon co o rd in a t io n  of the c o m p le x e s  into N a f ion  s ig n i f i c a n t  

changes occur  in the spectra. In all of the com p lexes  a large red 

shift  is observed  for the carbony l  groups.  It is not poss ib le  to 

examine  the effects on the bpy absorp t ions  because  the Nafion 

absorp t ions  occur  in the sam e region. In genera l  the carbony l  

peaks are sh if ted by ~30cm'"* - too substant ia l  a shif t  to be due 

solely to backbonding. Therefo re  the Nafion env i ronm en t  must be 

great ly  influoicing the absorpt ion of the com p lexes .  In all of the

c o m p le x e s  is found  at 1 9 6 0 - 2 1 55cm'"*  , the  d ica rb o n y l

com p lexes  being at h ighest wavenumber .  As before two carbonyl  

peaks are observed for the bis(carbonyl)  com p lexes ,  ind icat ive of 

c is s te re o ch e m is t ry .
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2.8.2 UV/Vis Spectroscopy

All t ransi t ion metal ca rbony l  com p lexes  known con ta in  e lec t rons 

ass ignab le  to the o u te rm os t  d subshe l l  of  the meta l  atom, in 

fac t ,  the  a v a i la b i l i t y  of such  e le c t ro n s  fo r  pi b a c k b o n d in g  

appears  to play an essent ia l  role in s tab i l is ing such carbony ls .  

W i th  the  exce p t io n  of d^ ^ c o m p le x e s  m e ta l  c a rb o n y ls  are 

the re fo re  exp ec te d  to show  d-d  t rans i t ions ,  tho u g h  these  are 

often obscured  by bands  of o the r  k inds. Th is  is be cau se  d-d 

t rans i t ions  are be tw een  o rb i ta ls  of the  s a m e  pa r i ty  and are 

fo rb idden,  thus  result ing in very  w eak  intens it ies.

The  UV/V is  sp e c t ru m  of f ree b ipyr idy l  c o n s is ts  of abso rp t ion  

m ax im a  at 226 and 2 8 2nm  (£ 1 .0 2 * 1 0 " ^ ) ® ^  ass igned  as k - k *  

t rans it ions. The n-7i* t ransit ions are thought  to lie under  the long 

w a v e le n g th  tai l of  the bpy sp e c t ru m .  The  s p e c t ru m  of free 

b ipy r idy l  is re la t ive ly  una f fec ted  by c o m p le x  fo rm a t io n ^ ® .  On 

co o rd in a t ion  to a meta l  these  in terna l  l igand  ba nd s  are red 

shif ted and lie at - 2 4 5  and SOOnm.^^ ’ ^'^. The visible spectra  for 

such  c o m p le x e s  c o n s is ts  o f two meta l  to b ip y r id y l  c h a rg e  

transfe r  trans i t ions at - 3 7 0  and 500nm. In most cases the other  

c o o r d i n a t e d  l ig a n d s ,  w h i l e  a f fe c t in g  t r a n s i t i o n s  i n v o l v in g  

bipyr idy l ,  do not d isp lay CT trans i t ions of the ir  own, these may 

be h idden by trans i t ions involv ing bipyr idyl .

For  the b is (bpy)  m o n o ca rb o n y l  co m p le x e s  the  bpy in t ra l igand  

trans i t ions  w ere  observed  in the reg ions 260 and 300nm ,  the 

lat ter be ing spl i t  in some cases  by in te rac t ions  with the metal



d -o rb i t a l s ^ ® .  Two w eake r  shoulders are seen on the low energy 

side of the %-k * t ransit ions. These were ass igned as dTi-Ti* MLCT 

t rans i t ions  hav ing u n de rg o n e  a subs tan t ia l  h y p s o c h ro m ic  shif t  

because of the presence of the carbonyl l igand. CO has extensive 

71- accepto r  proper t ies  which strongly s tab i l ise the d7c levels and 

hence increase the energy  of the dn-n*  t rans i t ions. H ow eve r  CT 

is a Tc-donor and so has the o p p o s i t e  e f fe c t  so th a t  in 

[R u ( b p y )2 (C 0 )C I ] ' ^  for example, the inf luence of CO stabil is ing the

d JT o rb i t a l s  is r e d u c e d  s ig n i f i ca n t ly .  S im i la r  e f fe c t s  w e re  

repor ted  by Meyer^"^  fo r  b is (b p y )R u ( ! l )n i t ro sy l  co m p le x e s .  In 

add i t ion  to the a b o v e  fea tu res  an in te nse  sh a rp  peak  w as  

observed in all cases at ~305nm having the fo l lowing propert ies

1. The band is observed for mono and d ica rbony l  Ru( l l )b ipyr idy l  

comp lexes .  It is poss ib le  that this absorpt ion band is due to an 

in t ra l igand k - k * t ransi t ion centred at the d icarbony l  l igand.

2. The band is relat ively sensit ive to the sixth l igand.

For the d icarbony l  com p lexes  k - t z *  t rans i t ions  w ere  observed  in 

the regions 260 and 300nm, the latter was spli t in som e cases by 

in teract ions with the metal dTi: orbitals. The  low energy  shou lde r  

w as  seen as a sharp band at 315nm. A w e a k  shou lde r  in the 

region 320 - 360nm for [RuL 2 ( C O ) 2 C l 2 ] com p lexes  w as  ass igned 

as  a M L C T  t r a n s i t i o n  hav ing  u n d e r g o n e  a s u b s ta n t i a l  

h y p s o c h ro m ic  shif t  due  to the T i -accep tor  p ro p e r t ie s  o f the  

c a r b o n y l  l ig a n d s .  T h e  sh i f t  is less  p r o n o u n c e d  fo r  the

m o n o ca rb o n y l  c o m p le xe s .  For com p le xe s  with  s t rong a cce p to r
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l igands in all six coo rd ina t ion  si tes ie. [R u (b p y ) 2 ( C O ) 2 ]^' ' '  th e

s ta b i l i sa t ion  and s u b s e q u e n t  b lue  sh i f t  w e re  such  tha t  no 

transi t ions were  observed  in the vis ib le  region.

Upon inco rp o ra t io n  of the c o m p le x e s  into Na t ion  no t iceab le  

changes are observed  in the absorpt ion spectra . In genera l  the 

spectra becom e s impler  in appearance ,  som e t im es  with only one 

absorpt ion maxima. However, CO is a very good 7t-acceptor and so 

s t rong ly  s ta b i l i se s  the  drr - leve ls  - the re fo re  the  bis ca rbony l  

com p lexes  show  little change  upon incorporat ion .  The spec trum 

fo r  the hyd r ide  is a lso u n ch a n g e d  upon inco rpo ra t ion .  S l igh t  

c h a n g e s  o c c u r  fo r  the  c h lo r o c a r b o n y l  c o m p le x ,  w i th  the 

d isappearance of the shoulders at 282 and 313nm absorpt ion, and 

for [R u (b p y ) (C O ) 2 C l 2 ], with the d isappearance  of the shoulder  at

284nm. These  effects are p robab ly  due in par t  to the reduced 

polar i ty of the Na'^ form Nation com pared  with a queous  solut ion. 

The more hydrated the membrane the more l ikely it is that the Ru 

c o m p le x  is i n t e r a c t i n g  w i th  th e  f l u o r o c a r b o n  c h a in " ^ ^ .  

Par t icu la r ly  s t rong ch a n g e s  in a b so rp t io n  sp e c t ra  may resu lt  

when chemica l  bonds are fo rm ed  be tween  a metal  ion and the 

ion ic  g ro u p  of the m e m b ra n e .  It is a lso  p o s s ib le  tha t  the 

ch lo rocomplexes are decompos ing  to some extent in Nat ion due to 

the poss ib le  coo rd ina t ion  of the com p lex  with the su lfon ic  acid 

group giving for e xa m p le IR u (bpy ) (C 0 )2 (C F 3 S 0 2 ) ^ ^ ^
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2.8.3 Correlation of results to Tanaka cycle

A plausible catalyt ic cycle for the water gas shift  reaction was 

p roposed  by Tanaka^*^ and is depic ted in Scheme 1 (See 

Introduction) . We decided to enter the cycle at three dif ferent 

p laces  by f i rs t p repar ing  the requ ired  com p o u n d s  - the 

ch lo rocarbony l ,  the d icarbony l  and the hydride com plexes  - 

according to the known preparations. They were characterised by 

IR and UV/Vis spectroscopy and are in agreement with those 

obta ined by Tanaka*^*^. As explained in the previous sections, 

s ign i f ican t  changes occurred in the recorded spectra  upon 

incorporation of the compounds into Nafion and new spectral data 

is to be expected when carrying out the Tanaka"^^ cycle in Nafion. 

Spectral data was therefore compiled for the complexes prepared 

and incorporated into Nafion and it was this data which was used 

to identi fy species formed in-situ in reactions. The data obtained 

from spec ies fo rmed by d i f fe ren t  routes in the cyc le was 

compared and found to be identical to that already compiled from 

the incorpora ted com plexes .  It is poss ib le  to per form the 

catalytic cycle in Nafion as shown by the scheme outl ined below 

(Fig.39).
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[RuU(CO)H]

[RuL,(CO)CL]

c \ : ^
[R uL,(C 0)(H ,0)l

H

[RuL,(CO)(OH)l

[RuUCO)(COOH)]

^  OH'

SH2O 
/

lR u L (C 0 )(C 0 0 ‘ ) ] '

[RuL2(C0)2. 

0H ‘

24-

L = b p y

F ig .39  : C ata lytic  cycle as observed in N ation

Upon incorporation of the com plexes  into Nation s ign i f icant  

spectral changes occur. This implied that there could possibly be 

changes in the reactivi ty of the com plexes in Nation. Upon 

t rea tment  of the incorporated d icarbonyl  complex  with 0.2M 

NaOH solut ion the (hydroxycarbonyl) complex is initially formed



but  is rapidly depro tona ted  to g ive the ca rboxy la te  species. It is 

ve ry  di f f icu l t  to isolate the (hyd roxyca rbony l )  using 0.2M NaOH 

solut ion because the deprotonat ion  occurs rapidly.  However, if a 

sod ium  borate  bu f fe r  so lu t ion of approx.  pH 10.7 is used the 

(hyd ro xyca rb o ny l )  is fo rm ed  in equ i l ib r ium  with  the d ica rbony l  

a n d  ca n  be i s o la te d  i n - s i t u .  T h e  p r o d u c t i o n  o f th e  

(hydroxycarbony l )  is ini tial ly very slow. This is best  exp la ined by 

cons ider ing  the manner  in which the com p lexes  are incorporated 

into the Nat ion;  the co m p le x  is taken  up f rom  so lu t ion  and 

b e c o m e s  d is t r ib u te d  th ro u g h o u t  the m e m b ra n e ,  h o w e v e r  the 

com p lex  is som ew ha t  more concen t ra ted  at the sur faces. At the 

s ta r t  of the react ion on ly the su r face  com p lex  is ab le  to react  

and the a m o u n t  of c o n ve rs io n  is sma l l  as a d i re c t  resu lt .  

However, as the react ion proceeds, more of the complex  becomes 

access ib le  to the buffer solut ion as di f fus ion takes place and the 

reac t ion  rate is s ign i f ican t ly  inc reased .  It is poss ib le  that the 

ini tial  smal l  spectra l  changes  are due to react ion  of the buffer  

so lu t ion  i tsel f-  the nega t iv i ty  of the ions m ake  them  s low  to 

pene t ra te  into the m em brane ,  exp la ined  by the Donnan  effect.  

Equ i l ibra t ion of the samp le  occurs  after severa l  hours  t rea tm en t  

w ith  the bu f fe r  so lu t ion.  We have m on i to red  sp e c t ro scop ica l l y  

the  t r e a tm e n t  o f [R u (b p y ) 2 ( C O ) 2 ] ^ ’*’ with N aO H  so lu t ions  of 

varying pH'^.

W e have a lso shown tha t  the te m p e ra tu re  of reac t ion  has a 

substant ia l  e f fect on the posit ion of the ingrow ing s tre tch in the 

IR reg ion. W ith  h ighe r  te m p e ra tu re  the s t re tch  is sh i f ted  to 

h igher w a ve n u m b e r  - shif ts of ~30cm'"* have been seen to occur. 

Th is  is p ro ba b ly  due to so lve n t  swe l l ing  e f fec ts  resu l t ing  in
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cons iderab le  alterat ion of the membrane medium. It is also 

poss ib le  tha t  the spec ies  be ing fo rm ed at the d i f fe ren t  

temperatures are not the same but this has not been proven.

Photolysis of the dicarbonyl complex results in the loss of the 

carbonyl groups as expected - in water the aquacarbony l  is 

initially formed which upon continued photolysis is converted to 

the diaqua complex. The reaction is clean with no secondary  

products formed. However, the photolysis reaction in 0.2M NaOH 

leads to the h y d ro xyca rbo n y l  spe c ies  fo rm e d  f rom the 

aquacarbonyl.  rather than the above conversion to the diaqua 

camplex.

T a n a k a '^ ®  has previously examined the reaction of the free 

dicarbonyl in a bomb calorimeter with aqueous alkal ine solut ions 

leading to the formation of the hydride among other products. We 

examined a similar reaction in Nafion to produce the hydride 

from the (hydroxycarbonyl) .  The (hydroxycarbonyl)  sample was 

placed on the vacuum line at 10 0°C  for 12 hours after which 

t ime a shifting of the stretch in the IR region from 1970cm'" ’ to 

1962cm "" '  had occurred.  However,  the 1962cm""' stretch was 

very weak and in order to confirm its identity as the hydride the 

sample was treated in water  overn ight  to conver t  it to the 

aquacarbonyl.  The conversion occurred readily giving a stretch at 

2 0 1 2 c m " " ’ in the IR region, leading to the conclusion that the 

hydride had been successful ly formed.

The free hydride is also easi ly incorporated into Nafion and is 

the most useful precursor to the aquacarbonyl by t reatment in
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water.  The aquacarbonyl can then be converted to the 

hydroxycarbonyl in aqueous alkaline solution. Photolysis of the 

hydride in NaOH solution leads to decarbonylation and the 

subsequent formation of the diaqua complex. Treatment of the 

aquacarbonyl, formed from the hydride, in a bomb calorimeter 

with CO leads to the dicarbonyl complex.

2.8.4 Identif icat ion of Species

The spectroscopic data obtained for the complexes incorporated 

in Nation show very noticeable differences when compared with 

those obtained for the free complexes. As a result the identities 

of the incorporated species were reviewed. Both the data 

obtained from the IR and UV/Vis spectra was considered. The 

most useful results are from the IR spectra - the bands are 

sharp and intense and therefore the wavenumbers are very 

accurate, more so than in the absorption spectra where the bands 

are generally broad. Also, the wavenumber shifts were much 

greater in the IR spectra.

For all the complexes incorporated into Nation the IR spectra 

show a shift of the carbonyl bands to higher wavenumber of 

~ 3 0 c m '" ’ . These shifts are of significant importance because of 

the potential use of the complexes as probes. Similar shifts
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occurring in the UV/Vis region have previously been reported upon 

in c o r p o r a t i o n  of  such  c o m p le x e s  in to  m ic e l l e s  and 

c l a y s ^ ^ ’ ^ ^ ’ ^ ^ ’ ^ ^ .  Hence uncertainty arose as to whether the 

species in Nation were the same as the free complexes, or had 

incorporation caused a reaction to occur. However, we have now 

successful ly performed the catalyt ic cycle in Nafion although the 

spectral data is signif icantly altered from that obta ined for the 

reaction of the free complex. This is to be expected due to the 

se n s i t ive  na ture  of IR and UV/V is  s p e c t ro s c o p y  to the 

environment of the complex. From the dif ferent starting points in 

the cycle reactions were performed to ult imately give the same 

product. Spectral data obtained for the various products was the 

same regardless of the route chosen. The data also corresponded 

to that obta ined when the free complex was incorporated into 

Nafion. This is significant because it showed that it is the Nafion 

medium which is affect ing the spectra obtained. It was thus 

concluded that the complexes are unaltered upon incorporation 

into Nafion and reactions proceed to the same products as with 

the free complexes.

2.8.5 Modif ication of reactions in Nafion

Upon incorporation of the complexes into Nafion reactions are not 

greatly modif ied compared to solut ion. In some cases reactions 

can occur readily which must be assisted in solution^'^The reasons
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for this have not been proved conc lus ive ly  because of the 

complexity  of the ionomer. Thus, the isolat ion of complexes in 

ionomers, sometimes in formed domains into which they have 

been ion exchanged at low temperature, can place them in a 

physical env i ronment in which they have become part iculari ly  

reactive. This reactiv i ty plus the con ta inm en t  of the species 

which dif fuse to them lead to the abi l i ty of the ionomers to 

undergo reactions under mild condit ions which are analogous to 

those which otherwise require higher pressures, temperatures or 

forcing conditions. Moreover, the dif fusion l imitations imposed by 

the ionomer can inf luence rates of reactions to a degree that 

indicates that product or reactant separation is feasible.

We have shown that the rates of some reactions are initially slow 

- this is due to the fact that although the complex is more 

concentrated at the surface than in the centre of the membrane 

only a small amount of the complex can react until the solvent 

diffuses through the membrane. However the Donnan Effect plays 

an important role in the rate of dif fusion of the solvent. The 

Donnan potential is caused by a build up of negative charge at the 

membrane surface as anions try to penetrate the embrane in order 

to compensate for the weak concentrat ion of mobile anions in 

this phase. This sets up an electric field which counterba lances 

the tendancy of the ions to equi l ib ra te  in the two phases 

(membrane and solution).
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2.8.6 Discussion

As can be seen th roughou t  the results  there  is a cons ide rab le  

change  in the spectra when the com p lexes  are incorporated  into 

Nation. A good deal of work has been done on the nature and extent 

of the so lvent shifts shown by carbonyl  groups. Much ev idence has 

been a ccu m u la te d  in fa vo u r  of the v iew  tha t  the sh if ts  ar ise 

en t i re ly  from in teract ion  effects . In ex t rem e  cases  these  wou ld  

be hydrogen bonds. It seems l ikely that as the Nat ion becom es 

inc reas ing ly  hydra ted  hyd rogen  b ond ing  b e tw ee n  the  ca rbony l  

g roup  and the w ate r  mo lecu les  has a s ign i f ican t  e ffect on the 

env i ronm en t  of the com p lexes  result ing in the shif ts observed  in 

the spectra .  It is a lso poss ib le  tha t  hydra t ion  of the Nat ion is 

p lay ing  a large role - it is repor ted"^^  tha t  a m e m b ra n e  of 

equiva lent we igh t  1100 having been boi led in wa te r  has a c luster  

d ia m e te r  of ~4.7nm with ~80 ion e xch a n g e  s i tes  per cluster.  

Because of the low concent ra t ions  of comp lex  in the m em brane  it 

is unl ikely  that any c lus ter  con ta ins  more  than one com p lex  ion. 

The  c o m p le x e s  have  re la t ive  f r e e d o m  of m o t ion  w i th in  ion 

clusters, en larged due to the degree  of hydrat ion. It appears  that 

in h y d r a t e d  N a t io n ® ^  the  s p e c t ra l  sh i f ts  re s u l t  f ro m  the  

interact ion of the Ru com p lex  with the f luo rocarbon  chain  ra ther  

than the su l fona te  head g roups .  As the c lus te rs  c o n t ra c t  on 

d e h y d r a t i o n  t h e re  is s i g n i f i c a n t  i n t e r a c t io n  b e tw e e n  th e  

su lphonate  head groups and the metal centre via the labi le l igand 

si tes. Thus the b lue shif t  is resu lt ing  from the fo rm at ion  of a 

su lphona te - type  com p lex  R u<-0 - (S 0 )2 - C p 2 - . M e ise l^^  and Lee^®

have repor ted  s im i la r  o b se rva t io n s  in UV/V is  spec t ra l  da ta  for  

N a t io n  f i lm s  a n d  p e r f l u o r o c t a n o a t e  m ic e l l e s  r e s p e c t i v e l y .



F r ip ia t ^ ^  studied Ru(l l) complexes in negatively charged clays 

and observed shifts of absorption maxima to longer wavelength 

than in aqueous solution, the more hydrated samples being at the 

highest wavelength. He took this as evidence for covalent bonded 

or distorted bpy ligands as a result of adsorption.

2.8.7 Conclusion

We have shown that it is poss ib le to carry  out a var iety of 

c h e m ica l  and p h o to c h e m ic a l  re ac t ion s  w i th in  the Nat ion 

environment. By spectroscopic monitoring we have observed the 

effects of pH, concentrat ion and degree of hydrat ion on such 

reactions. However, if Nation is to be successfu l ly  used as a 

medium for the water gas shift reaction it will be necessary to 

achieve the fol lowing : control of pH and reaction condit ions, and 

degree  of hydrat ion.  We have success fu l ly  con tro l led  and 

monitored the pH in Nation with relative ease. However, control 

of reac tan t  conce n t ra t io ns  is more d i f f icu l t .  S ince uptake 

depends on pH, nature of buf fer  used, ionic st rength, soak 

duration, concentrat ion of soaking solut ion, presoaking (whether
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in water, buffer or a non-aqueous system), degree of hydration, 

whether the Nation is in the acidic or basic form, temperature of 

solvent control of such a system is difficult.

However,  the above d i f f icu l t ies  are present ly  under review. 

Future work will involve a more detailed look at the kinetics of 

the reactions taking place in the Nafion - f lash photo lysis and 

transient IR spectroscopy will be the main techniques employed.
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SECTION 3 EXPERIMENTAL SECTION

3.1 Instrumentation

In f ra - re d  s p e c t ra  w e re  reco rd e d  on a P e rk in -E lm e r  883 IR 

spe c t ro ph o to m e te r .  S am p les  were  e i ther  KBr  d iscs  for  the free 

c o m p o u n d s  or, for  the incorpora ted  com p lexes ,  the Naf ion strip 

was taped to the sample  holder and the spectrum run as u s u a l . '% j  y CM"'

U l t ra v io le t /V is ib le  sp e c t ra  w e re  re co rd e d  on a Rye U n ic a m  

P U 8800  UV/V is  sp e c t ro p h o to m e te r  us ing m a tch e d  2m m  quar tz  

ce l ls  fo r  Naf ion sam p les  and 1cm matched  quar tz  cel ls for all 

s o lu t io n s .

All Naf ion samp les ,  both in the IR and UV/V is  region, were  run 

aga inst  a clean reference Nafion strip. The Nafion was cons idered 

to be clean when it no longer had an opt ical  dens i ty  >0.5 above 

200nm  in the UV/Vis region.

3.2 Materials

[R u ( b p y ) 2 ( C 0 )CI]'^ as the perchlorate or hexa f luo rophosphate  salt

was  p repared  accord ing  to Kel ly and V o s ^ ^ ’^ ^  and pur i f ied by 

c o lu m n  c h r o m a t o g r a p h y  on n e u t ra l  a lu m in a  u s in g  5 0 /5 0  

b e n z e n e / a c e t o n i t r i l e  as e lu a n t  to y ie ld  y e l l o w  c ry s ta l s .

[R u C l 2 ( C O ) 2 ]n was prepared by the method of Chatt"*^ and used
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immediately. Hydrated ruthenium trichloride (Johnson & Matthey) 

and 2,2'-bipyridyl (Aldrich) were used as purchased. Solvents 

were purified by distillation before use.

3.3 NAFION

The Nation 1170 membranes which were obtained from E. I. 

duPont de Nemours & Co. and initially very brown in colour, were 

cut into strips approx. 8*30mm. Cleaning is effected by 

treatment with 0.2M KOH (1-1.5hrs), rinsing in pure water, then 

placing in 50:50(v/v) EtOH:H2 0  in an ultrasonic bath for 2hrs. The

membranes were then soaked in pure water overnight followed by 

stirring in 1M H2S O 4 . Finally, they were ultrasonically rinsed in

pure water for 20mins before al lowing to dry at ambient 

temperature and pressure. The above process was repeated if 

necessary to ensure the Nafion is thoroughly cleaned (i.e. no 

absorption in the UV/Vis spectrum above 200nm). If the Nafion 

still proves unclean the remaining impurities can be removed by 

boiling the Nafion in 0.2M KOH for 2 hours.

The mass of the membrane, both hydrated and dehydrated, is

easily determined. It has been found®® for H"'" form Nafion that

complete ly  hydrated samples contain 28.4wt% water, the

ambiently hydrated samples contain 6.7wt% water whereas the

ambiently rehydrated samples contain 3.3wt% water. However

different values were obtained for the Na"^ form Nafion used in
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the exper iments .  C om p le te ly  hydra ted sam p les  con ta in  3 3 .1w t%  

w ate r ,  the am b ien t ly  hydra ted  sam p les  con ta in  2 4 .1 w t%  wate r  

w h e re a s  the a m b ie n t ly  re h y d ra te d  s a m p le s  c o n ta in  1 2 .6 w t%  

water .  Knowing the dry mass of each m em brane  it is possib le  to 

ca lcu la te  the number of 8 0 3 ’  g roups  present.  Hence, one is able

to con t ro l  the d eg ree  of e x c h a n g e  by a ssu m in g  tha t  all the 

ru thenium complex added to an aqueous exchang ing  solut ion will 

be incorporated into the membrane.

3.4 Preparation

[ R u ( C O ) 2 C l 2 ]n  : 2 . 0 1 8 g  of R U C I 3 .3 H 2 O was heated at reflux in

E tO H  ( 5 0 c m ^ )  fo r  7 hours  w h i le  bubb l ing  ca rb on  m o n ox id e  

th rough ,  result ing in a b lood red so lu t ion (A). Th is  w as  used 

im m e d ia te ly " '

[ R u ( b p y ) ( C O ) 2 C l 2 ] : To 3 0 c m ^  (4 .9 7 m m o l )  of the above  

p re p a re d  [R u (C O ) 2 C l 2 ]p, solut ion (A) was added bpy (3 .8904g, 

25 m m o l )  and fo l lowed by the add i t ion  of 1 5 c m ^  of EtOH and
O

4 5 c m "^  of H2 O. The mix tu re  w as  re f luxed fo r two hours  after

which  t ime a ye l low /red  solid fo rmed.  The so lu t ion w as  suct ion 

f i l tered and the result ing ye l low solid w ashed  with ether.  Yield : 

2 .055g. UV/V is (MeO H);  354, 313, 305, 286nm. IR(KBr) :  2055, 

1997, 3 3 0 c m '^
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[ R u ( b p y ) 2 ( C O ) 2 ] [ P F 0 ] 2  : T h e  c o m p le x  [ R u ( b p y ) ( C O ) 2 C l 2 ] 

(0 .4952g, 1.28mmol)  and bpy (0 .2876g, 1 .84mmol)  were  ref luxed 

in Et 0 H /H 2 0  (33:67 v:v, 37 5cm ^)  for 24 hours. The solut ion was

left to cool overnight.  A concen t ra ted  a queous  N H 4 P F 0  so lut ion 

y i e l d e d  y e l l o w  c r y s t a l s  w h ic h  w e r e  r e c r y s t a l l i s e d  f ro m  

E t 0 H / H 2 0 . Yield = 0 .4512g, 65%. UV/V is  (C H 3 CN) = 316(sh),

310(sh),  302, 248nm. IR (KBr) = 2035, 2 0 8 4 c m ’ ''.

[ R u ( b p y ) 2 ( C 0 ) C I ] [ C I 0 4 ] : The c o m p o u n d  w as  ob ta ined  as a 

s e c o n d a r y  p r o d u c t  o f  t h e  l i t e r a t u r e  s y n t h e s i s  o f  

[ R u ( b p y ) 2 C l 2 ] . 2 H 2 0 ^*^. RUCI3 .XH 2 O (10.7g, 41m mol)  and bpy

(12 .5g, 80mmol)  were  heated at ref lux in D M F fo r  8 hrs. The 

so lu t ion was reduced to a vo lum e  of 3 0 c m ^  and an equ iva len t  

v o lu m e  of a c e to n e  a d de d .  U pon  s ta n d in g  o v e rn ig h t  pu rp le  

[ R u ( b p y ) 2 C l 2 ] - 2 H 2 0  crystals were  obta ined and f i l tered off. Yield

= 7 .91g .  This  c rude  mate r ia l  w as  fu r th e r  pur i f ied  by co lum n  

ch ro m a tog ra p hy  using neut ral  a lum ina  and ace ton i t r i le /benzene  

(50:50)  as eluant.  The so lut ion ob ta ined  w as  concen t ra ted  to a 

vo lume of approx. 50cm ^  and benzene added. On standing yellow 

c rys ta ls  w ere  fo rm e d ,  th e se  w e re  f i l te red  off,  w a s h e d  with  

benzene  and f i l tered dry. 1 g of c rude  mater ia l  gave  860m g of 

pure c o m p ou n d  with an overal l  y ie ld  of 33%. UV/V is  (C H 3 C N )  

260(sh),  282, 313(sh) ,  353(sh),  418(sh)nm. IR(KBr) = 1966cm '^
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[ R u ( b p y ) 2 ( C 0 ) H ] [ P F g ]  : [ R u ( b p y ) 2 ( C 0 ) C I ] [ C I 0 4 ] (0.9539g, 

1.65mmol) in refluxing ethanol/water (2:3 v/v, 150cm^) were 

treated with NaBH4 (1.184g,31 mmol) dissolved in minimum

water and the mixture was refluxed for 30 mins. An excess of 

aqueous  N H 4 P F 0 was added and the mixture left to cool

overnight. Upon standing yellow/orange crystals formed in the 

solution which were then filtered off (0.6631 g, 68%). The crude 

material was recrystall ised from acetone/water mixtures. The 

orange crystals obtained were filtered dry (0.484g, 50%).

UV/Vis (CH3 CN) = 452, 348, 273nm ; IR (KBr) = 1930cm'^

3.5 Incorporation of compounds into Nation

All Nation samples were prepared in the Na'^ form.

[R u ( b p y ) 2 (C O )2] [P F g ]2 : A solution was prepared by dissolving 

[Ru(bpy)2 (CO)2][PF0]2 (0.0029g) in distilled acetone (lOcm^). The
q

acetone was evaporated off by swirling and water ( lOcm'^) 

added. The solution was stirred for 5 mins before a Nation strip 

was added and the mixture stirred for 90 mins. UV/Vis = 

316(sh), 300, 248nm. IR = 2105, 2054cm"''
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[Ru(bpy)2 (C 0 )C I] [C I0 4 ] : A solution was prepared by dissolving 

[R u (bpy )2 (C0 )C I ] [C I0 4 ] (0.0021g) in acetonitrile ( lOcm^) which 

was evaporated off. H2O (lOcm^) was added and the Nation strip

stirred for 90 mins. IR = 2005cm"^ . UV/Vis = 264, 353(sh), 

41 5(sh)nm

[R u (b p y )2 (C 0 )H ] [P F g ]  : [Ru(bpy)2 (C0 )H ] [P Fg ]  (0.0026g) was 

dissolved in H2 O/ 0.2M NaOH/ CH3 CN (v /v ;30cm^)  and the

solution stirred for 5 mins. A Nation strip was stirred in this 

solution for 90 mins. IR = 1960cm‘ "'. UV/Vis = 450, 350,

272nm

[R u (b p y ) (C O )2C l2] : [Ru(bpy)(CO)2Cl2] (0 .0022g) was heated in

boiling water (50cm^) for 10 mins. A Nation strip was added and 

stirred for 2 hrs. IR = 2100, 2038cm' ‘' .  UV/Vis = 306nm

3.6 Photolysis

All irradiation was carried out using a 250W medium pressure 

mercury lamp. The apparatus was set up to include a quartz 

water bath as filter. Samples were placed in a quartz cuvette 

which contained the required photolysis solvent.
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