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Abst ract  - Three examples have been se lected t o  i l l u s t r a t e  the a p p l i -  
c a t i o n  and benef i ts  of t h in - l aye r  spectroelectrochemistry for moni- 
t o r i n g  meta l loporphyr in  redox reactions. These examples show how 
FTIR, W - v i s i b l e  and ESR spectroelectrochemical techniques can be 
combined t o  monitor t he  s i t e  o f  oxidation/reduction, the f a t e  o f  t he  
bound diatomic molecule a f t e r  e l e c t r o n  t rans fe r ,  the type o f  n c a t i o n  
r a d i c a l  generated and the  spec t ra l  p roper t i es  o f  a product formed i n  
reac t i ons  between an electroreduced porphyr in  and the methylene 
c h l o r i d e  solvent. 

INTRODUCTION 

Metal loporphyrins w i t h  over four dozen d i f f e r e n t  c e n t r a l  metals have been electrochemi- 
c a l l y  character ized (ref.  1). These react ions may occur a t  the c e n t r a l  metal ion,  a t  t he  
porphyr in  n r i n g  system, o r  a t  the coordinated a x i a l  l igand. The s i t e  o f  e lec t ron  
t r a n s f e r  can sometimes be suggested by t rends i n  half-wave po ten t i a l s ,  b u t  a d e f i n i t e  
assignment can only come from eva lua t i on  of spec t ra l  data for the ox id ized and/or 
reduced species on t ime scales approaching those of the electrochemical measurement. The 
optimum way t o  accomplish t h i s  i s  v i a  th in - l aye r  spectroelectrochemistry. 

Three examples from the l i t e r a t u r e  have been se lected t o  i l l u s t r a t e  the a o p l i c a t i o n  and 
bene f i t s  of t h in - l aye r  spectroelectrochemistry f o r  m n i t o r i n q  meta l loporphyr in  redox 
react ions.  These are: (1) the reduct ion o f  (P)Ru(CO) i n  te t rahydrofuran (where P = the 
d ian ion of te t raphenylporphyr in  (TPP) or octaethy lporphyr in  (OEP)), (2) the  ox ida t i on  o f  
(OEP)Ir(CO)Cl i n  methylene c h l o r i d e  and, (3) the ox ida t i on  and reduct ion o f  (TPP)Co(NO) 
i n  methylene ch lor ide.  

EXPERIMENTAL 

Construct ion o f  W - v i s i b l e  ( re f .  21, FTIR ( re f .  3,4), and ESR (ref. 5) t h in - l aye r  
spect roe lect  rochemical c e l l s  and associated electrochemical/spectroscopic instrumen- 
t a t i o n  are described i n  the l i t e r a t u r e .  Microelectrode voltammetry was c a r r i e d  out as 
described i n  r e f .  4. (TPP)Ru(CO) ( re f .  6 ) ,  (OEP)Ru(CO) (ref. 71, (OEP)Ir(CO)Cl ( re f .  8 )  
and (TPP)Co(NO) ( re f ,  9)  were synthesized by l i t e r a t u r e  methods. Tetrahydrofuran, methy- 
lene c h l o r i d e  and tetrabutylammonium perchlorate were p u r i f i e d  us inq standard methods. 

RESULTS AND DISCUSSION 

FTIR and UV-visible monitoring of (P)Ru(CO) reduction 
(TPP)Ru(CO) and (OEP)Ru(COl are reduced i n  two r e v e r s i b l e  one e l e c t r o n  t r a n s f e r  steps as 
i l l u s t r a t e d  i n  F igure 1. Overa l l ,  f ou r  poss ib le  products may r e s u l t  from the  f i r s t  
reduction. These are i v e n  by reac t i ons  1-4 shown i n  Scheme I. Previous s tud ies o f  
(P)Ru(CO) ( re f .  10,117 suggest t h a t  the f i r s t  e l e c t r o n  i s  r e v e r s i b l y  added t o  the 
po rphy r in  TI r i n g  system bu t  no spectroscopic evidence was Dresented t o  conf i rm t h i s .  

FTIR spectra before and a f t e r  e lec t ro reduc t i on  of (P)Ru(CO) are qiven i n  Fiqures 2a and 
2b. The TPP complex has a CO v i b r a t i o n  a t  1941 cm-I (Fiq. 2a) before reduc t i on  wh i l e  the 
v i b r a t i o n  o f  t he  OEP complex (Fig. 2b) i s  a t  1931 cm-1. Both v i b r a t i o n s  appear as neqa- 
t i v e  peaks i n  the d i f ference FTIR spectra as (P)Ru(CO) i s  consumed ( re f .  4). P o s i t i v e  
peaks a t  1898 c -1 (TPP) i n d  1894 cm-1 ( O F )  are a t t r i b u t e d  t o  the  CO v i b r a t i o n  o f  
s i n g l y  reduced ?(P)Ru(C0)1 . These data i n d i c a t e  t h a t  CO remains coordinated a f t e r  
e lec t ro reduc t i on  and the  s h i f t  o f  t he  CO v i b r a t i o n  t o  lower frequencies i s  cons is tent  
w i t h  an increased negative charge on the  meta l  center. On the bas i s  of these data, 
reac t i ons  3 and 4 i n  Scheme I can be e l iminated as poss ib le  e lec t ro reduc t i on  mechanisms 
o f  (P)Ru (CO ), 
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Fig. 1. Cycl ic voltammograms and possible reactions of (P)Ru(CO) a t  a 25 pm P t  micro- 
electrode i n  tetrahydrofuran containing 0.1 M tetrabutylamnonium perchlorate. 
Scan ra te  = 10 v s-1. 

W-v is ib le  spectra generated during the f i r s t  reduction o f  (TPPIRu(C0) and (OEP)Ru(CO) 
are shown i n  Figures 2c an 2d. The t w  _complexes qive qui te d i f fe ren t  types o f  spectral  
changes. Electrogenerated 4 (TPP )Ru(CO)I has a much decreased Soret band in tens i t y  and 
is  consistent wi th the formation o f  a porphyrin T anion rad ica l  (rxn. 2). On the other 
hand, the spectra change for (OEP)Ru(CO) are s imi la r  t o  those for reduction o f  
(TPP)AgII t o  give t(TPP)AgI?- (ref .  12) and, on t h i s  basis, a metal centered reduction 
(rxn 1) is  postulated t o  occur for  (OEPIRu(C0). Thus, the s imi la r  electrochemistry o f  
the two (P)Ru(CO) complexes gives ind ica t ion  o f  d i f f e ren t  electron transfer mecha- 
nisms which are only shown by the W-v is ib le  spectroelectrochemistry. 

300 400 500 600 700 
w /  Y Fig. 2. FTIR and difference 

FTIR (a,b), and W-v is ib le  
(c,d) spectra of (P)Ru(CO) 
before and a f t e r  control led 
po ten t ia l  reduction by one 
electron. 

FTlR and ESR monitoring of (OEP)lr(CO)CI oxidation 
(OEPlIr(COlC1 can be oxidized i n  two reversible steps (ref. 8). The f i r s t  step may 
generate e i ther  an Ir(II1) or an I r ( I V 1  porphyrin which m y  or may not be complexed with 
CO as shown by the four electrode reactions given i n  Scheme 11: 

Scheme II 
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A c y c l i c  voltammogram o f  (OEP)Ir(CO)Cl i s  i l l u s t r a t e d  i n  F iqure 3a whi le  the FTIR 
spectrum o f  t he  complex i s  shown i n  F iQure 3b. The i n i t i a l  porphyr in  has a CO v i b r a t i o n  
a t  2056 cm-1 which may be compared t o  2081 cm-1 for t he  s i n q l y  ox id i zed  complex (Fiqure 
3c). There i s  a l so  a w e l l  def ined n c a t i o n  r a d i c a l  marker band ( re f .  13) a t  1539 cm-1. 
These two pieces o f  combined data are s e l f  cons is tent  on ly  with reac t i on  5 i n  Scheme 11. 

Fig. 3. C y c l i c  voltammogram 
FTIR (b), d i f f e rence  FTIR 
and ESR (d) spectroscopic 
data of (OEP IIr (CO I C 1  
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Confirmation of reac t i on  5 as the  p r e v a i l i n g  anism a lso comes from the ESR spectrum 
i n  Fig. 3d. The ESR spectrum o f  [(OEP)Ir(CO)t!?f' has a q = 2.00 and a AH = 5.6 G. The 
combination of ESR and FTIR spectroelectrochemical data i n  Fiq. 3b-d c l e a r l y  demonstrate 
the  s i t e  o f  e l e c t r o n  t r a n s f e r  and the  f a t e  o f  coordinated CO a f t e r  ox idat ion,  
I n fo rma t ion  o f  t h i s  type cannot be obtained from a voltammogram o f  t he  type shown i n  
Fig. 3a. 

FTIR, UV-visible and ESR monitoring of (TPP)Co(NO) oxidation/reduction 
A c y c l i c  voltammogram o f  (TPPICo(N0) i n  methylene c h l o r i d e  a t  a 25 pm microelectrode is 
shown i n  F igure 4 (ref.  14). The s i t e  of t he  f i r s t  ox idat ion/ reduct ion may occur a t  t he  
Co(I1) center  or a t  the porphyr in  n r i n g  system as shown by t h e  fou r  e l e c t r o n  t r a n s f e r  
reac t i ons  g iven i n  Scheme 111: 

1.5 1.0 0.5 0.0 -0.5-1.0-1.5-2.0 [(TPP)COII1 (h 
POTENTIAL, V vs SCE 

Fig. 4. Cyc l i c  voltammogram and poss ib le  e l e c t r o n  t rans fe r  reac t i ons  o f  (TPP)Co(NO) a t  a 

Spectra obtained d u r i  the f i r s t  q x i d a t i o n  con f i rm  the  formation o f  [(TPP)COII(NO)~+. 
The FTIR spectrum o f  ne(TW)Co(NO)] has a v i b r a t i o n  a t  1726 cm-1 (see Fiq. 5a) and is 

are t y p i c a l  o f  a porphyr in  n c a t i o n  r a d i c a l  ( re f .  15). 
There i s  a well-resolved s p l i t t i n g  from Co(I1) and t h e  coupl inq constant o f  1.0 G i n d i -  
cates a s t rong i n t e r a c t i o n  between the  unpaired e l e c t r o n  on the  [(TPP)Co(NO )I porphvr in  
r i n g  and the  coba l t  n u c l e i  (ref.  15,161. This i s  cons is tent  with an Apu r a t h e r  than an 
A l u  type r a d i c a l  ( re f .  16) 

The FTIR data for s i n g l y  reduced (TPP)Co(NO) (Fiq. 5d) i n d i c a t e  a loss of No a f t e r  
reduc t i on  by one e l e c t r o n  whi le  the  UV-visible and ESR data (Fig. 5e,f) are consis tent  
with the  occurence o f  a homogenous chemical r e a c t i o n  t o  generate an ESR s i l e n t  sDecies. 
The W - v i s i b l e  spectrum o f  the f i n a l  product i n  F igure 5e is  i d e n t i c a l  t o  t h a t  o f  

25 pm microelectrode i n  CHp212. Scan r a t e  = 10 V s-l. 

M qroup. Both the  W - v i s i b l e  (Fiq. 5b) and the ESR (Fiq. 
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(TPP) o(CH 1 ( r  . 17) and the  most probable r e a c t i o n  i nvo l ves  [(TPP)Cd- (qenerated 
from f(TPP$oi(NOY- upon No loss) and methylene c h l o r i d e  t o  g i ve  the a-bonded comDlex. 

F ig .  5. FTIR, d i f f e rence  
FTIR, W - v i s i b l e  and 
ESR moni tor ing o f  t he  
products formed dur ing 
o x i d a t i o n  (a-c) and 
reduc t i on  (d- f )  o f  
(TPP )Co (NO 1 i n  CH2C12 
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S U M M A R Y  

This  paper has presented three examples o f  i n - s i t u  spectroscopic data which are obtained 
dur ing the  ox ida t i on  and/or reduct ion of metal loDorphyrins conta in inq coordinated CO or 
NO a x i a l  l igands. The f i r s t  examDle demonstrates how th in - l aye r  FTIR and W - v i s i b l e  
spectroscopy can be combined t o  evaluate the s i t e  o f  e lec t ro reduc t i on  and the f a t e  o f  
t he  bound CO group a f t e r  reduc t i on  o f  t he  complex by one e lect ron.  The second example 
shows how FTIR and ESR spectroelectrochemistry can be combined t o  evaluate the  s i t e  o f  
e lec t roox ida t i on  and the fa te of the bound CO qroup a f t e r  ox ida t i on  o f  the complex by 
one e lect ron.  The f i n a l  example demonstrates how a l l  t h ree  spectroelectrochemical tech- 
niques can be combined t o  monitor the s i t e  o f  oxidation/reduction, the f a t e  o f  the 
bound NO group a f t e r  e l e c t r o n  t ransfer ,  t he  type of n c a t i o n  r a d i c a l  qenerated and the 
spec t ra l  p roper t i es  of a product formed i n  reac t i ons  between an electroqenerated Co(1) 
porphyr in  and methylene ch lo r i de .  The key p o i n t  t h a t  must be emDhasized i s  t h a t  
ox idat ion/ reduct ion p o t e n t i a l s  are not  s u f f i c i e n t  t o  determine the  oroducts o f  these 
e l e c t r o n  t r a n s f e r  react ions and t h a t  more than one type o f  soec t ra l  cha rac te r i za t i on  
must be u t i l i z e d .  
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