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kcal /mol)  (7), i t  is un l ike ly  t h a t  t he  r a t e - d e t e r m i n i n g  s tep  in 
t he  r eac t i on  of  DM = N2 ~ invo lves  h y d r o g e n - a t o m  abs t rac -  
t ion.  F u r t h e r m o r e ,  the  add i t i on  of  t en fo ld  or g rea te r  ex-  
cesses  of  d i p h e n y l m e t h a n e  (D~ = 81.4 kcal /mol)  
(8) a n d  an i l ine  (D~ = 80 kcal /mol)  (9) h a d  no  ap- 
p a r e n t  effect  on  the  ra te  o f D M  = N2 ~ r eac t ion  (entr ies  3 a n d  
4, Tab le  I). 

I t  is p l aus ib l e  t h a t  the  ra te ,  d e t e r m i n i n g  s tep  in t h e  reac- 
t i on  of  DM = N2 ~ in  t h e  a b s e n c e  of  an  a d d e d  p r o t o n  in- 
vo lves  p r o t o n a t i o n  by  e i t he r  t race  a m o u n t s  of  a d v e n t i t i o u s  
w a t e r  (pKa Me2s~ (H20) = 31.4) (10) or a c o m p o n e n t  of  t h e  
so lven t -e l ec t ro ly te  sys tem.  In  o rde r  to t e s t  t h i s  poss ibi l i ty ,  
t h e  cyc l ic  v o l t a m m e t r i c  a n d  c o u l o m e t r i c  r e d u c t i o n s  of  
D M  = N2 were  ef fec ted  in t he  p r e s e n c e  of  a large  exces s  of  
(EtO2C)2CH2, a n  e l e c t r o i n a c t i v e  c a r b o n  ac id  (pKa Me2s~ 
((EtO2C)2CH2) = 16.4) (3). As d e t e r m i n e d  by  r ap id - scan  cyc-  
l ic v o ) t a m m e t r y ,  t he  a d d i t i o n  of  (EtO2C)2CH2 c a u s e d  n o  
d i s c e r n i b l e  c h a n g e  in t h e  l i f e t ime  of  D M  = N2 ~ at  -84~ 
Th i s  m e a n s  t ha t  (EtO2C)2CH2 does  no t  p r o t o n a t e  DM = N2 ~. 
F u r t h e r m o r e ,  s ince  (EtO2C)2CH2 is a c o n s i d e r a b l y  s t r o n g e r  
p r o t o n  d o n o r  t h a n  e i t h e r  w a t e r  or BN-0.1M (n-Bu)4NC104, 
D M  = N~ ~ c a n n o t  b e  u n d e r g o i n g  r a t e - d e t e r m i n i n g  p r o t o n  
a b s t r a c t i o n  in apro t ic  media .  

The  con t ro l l ed -po t en t i a l  e lec t ro ly t ic  r e d u c t i o n  of  DM = 
N2 in t he  p r e s e n c e  of  excess  (EtO2C)2CH2 affords  D M H -  in 
78% yield.  H o w e v e r ,  in  c o n t r a s t  to  t he  n v a l u e  of  1 t h a t  is 
o b t a i n e d  for t he  r e d u c t i o n  of  DM = N~ in  apro t ic  media ,  a n  
n v a l u e  of  2 is o b t a i n e d  w h e n  e x c e s s  (EtO2C)2CH2 is pres-  
ent .  This  c h a n g e  in n va lue  is e x p e c t e d  i f  D M  = N2 ~ u n d e r -  
goes  r a t e - d e t e r m i n i n g  loss of  N2 to give t he  c a r b e n e  a n i o n  
rad ica l ,  D M  T (Eq. [2]). Th i s  spec i e s  w o u l d  t h e n  e i t h e r  
h y d r o g e n - a t o m  a b s t r a c t  f rom a c o m p o n e n t  o f  t he  so lven t -  
e l e c t r o l y t e  s y s t e m  in a p r o t i c  m e d i a  (Eq. [3]) or be  
p r o t o n a t e d  to g ive  t h e  e l e c t r o a c t i v e  r ad i ca l  DMH.  in  t h e  
p r e s e n c e  of (EtO2C)2CH2 (Eq. [4]). S i n c e  DM = N2 ~ is qu i t e  
long~-lived u n d e r  t h e s e  r eac t ion  cond i t ions ,  i t  m u s t  decom-  
pose  in b u l k  solut ion.  The  c o n s u m p t i o n  of  the  s e c o n d  elec- 
t r on  occurs ,  t hen ,  w h e n  DM ~ is p r o t o n a t e d  b y  (EtO2C)2CH~ 
to g ive  DMH. a n d  DMH. is s u b s e q u e n t l y  r e d u c e d  b y  
u n r e a c t e d  DM = N2 ~ (Eq. [5]). B e c a u s e  t h e  c a t h o d i c  p e a k  
p o t e n t i a l  for  t h e  r e d u c t i o n  of  DM = N2 (E,.c = - 1 . S V  a t  
r o o m  t e m p e r a t u r e )  is c o n s i d e r a b l y  m o r e  nega t i ve  t h a n  t he  
a n o d i c  p e a k  p o t e n t i a l  for  t h e  o x i d a t i o n  of  D M H  (Ep,a - 
0.8V), t h i s  h o m o g e n e o u s  e l e c t r o n - t r a n s f e r  r e a c t i o n  is 
t h e r m o d y n a m i c a l l y  f avorab le  a n d  s h o u l d  p r o c e e d  rapidly .  

The  fo l lowing  is a p r o p o s e d  s c h e m e  for the  e l ec t ro reduc -  
t ion  of DM = N~ 

kf,h 
D M = N 2 + e  ~ D M = N 2  ~ [1] 

kb,h 
k 

DM = N2 ~ --> D1VF + N2 [2] 

DM ~ + SH --~ D M H -  + S. [3] 

DM ~ + HA ~ DMH. + A [4] 

DMH. + DM = N2~---> D M H -  + DM = N2 [5] 

w h e r e  S H  = h y d r o g e n  a t o m  d o n o r  a n d  H A  = p r o t o n  
donor .  

In  o rde r  to t e s t  for  poss ib le  c o m p e t i t i o n  b e t w e e n  p r o t o n  
a n d  h y d r o g e n - a t o m  a b s t r a c t i o n  b y  D M  ~, t h e  c o u l o m e t r i c  
r e d u c t i o n  of  D M  = N2 was  ca r r i ed  ou t  in  t h e  p r e s e n c e  of  
b o t h  (EtO2C)2CH2 a n d  1 ,4-cyclohexadiene.  S ince  t h e s e  spe- 
cies h a v e  b e e n  d e m o n s t r a t e d  to h a v e  no  a p p a r e n t  effect  on  
t h e  l i f e t ime  of  DM = N2 ~, any  c h a n g e  in t he  c o u l o m e t r i c  n 
v a l u e  t h a t  occurs  w h e n  e i the r  one  or b o t h  of  t h e s e  spec ies  
are p r e s e n t  m u s t  b e  t he  r e su l t  of  t h e i r  r eac t ion  w i t h  DM ~. 
A c c o r d i n g l y ,  t h e  c o u l o m e t r i c  n v a l u e  is p r e d i c t e d  to v a r y  
f r o m  t h e  l o w e r  l im i t  of  i i f  r e a c t i o n  of  DM ~ o c c u r s  exc lu -  
s ive ly  b y  h y d r o g e n - a t o m  a b s t r a c t i o n  f r o m  1 ,4-cyc lohexa-  
d i e n e  (Eq. [1]-[3]) to an  u p p e r  l imi t  of  2 i f  DiVI ~ is c a p t u r e d  
c o m p l e t e l y  b y  (EtO2C)2CH2 (Eq.  [1], [2], [4], a n d  [5]). Wi th  
b o t h  1 , 4 - c y c l o h e x a d i e n e  a n d  (EtO2C)2CH2 p r e s e n t ,  a n  n 
v a l u e  of  1.61 is e x p e r i m e n t a l l y  o b s e r v e d  w h i c h  d e m o n -  
s t ra tes  t h a t  h y d r o g e n - a t o m  a b s t r a c t i o n  is c o m p e t i t i v e  w i t h  
p r o t o n  t r a n s f e r  u n d e r  t he  speci f ied  r eac t ion  cond i t ions .  

In  s u m m a r y ,  e v i d e n c e  c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  of  
t he  c a r b e n e  a n i o n  radical ,  DM ~, in the  e l e c t r o r e d u c t i o n  of  

DM = N2 has  b e e n  ob ta ined .  W h e t h e r  or no t  c a r b e n e  a n i o n  
r ad i ca l  r e a c t i o n s  of  s y n t h e t i c  i m p o r t a n c e  can  c o m p e t e  
w i t h  h y d r o g e n - a t o m  a n d  p r o t o n  a b s t r a c t i o n  p a t h w a y s  will  
be  e x a m i n e d  in fu tu re  s tud ies  in  th i s  l abora tory .  
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T h e  a p p l i c a t i o n  of  p o l y m e r - m o d i f i e d  e l e c t r o d e s  to 
e l e c t r o c a t a l y s i s  is c u r r e n t l y  a n  ac t ive  a rea  of  c h e m i c a l  re- 
s e a r c h  (1). A n u m b e r  of  r e p o r t e d  s t u d i e s  h a v e  f o c u s e d  on  
e l u c i d a t i n g  t h e  m e c h a n i s m s  of  c h a r g e  p r o p a g a t i o n  
t h r o u g h  t h e s e  m o d i f i e d  e l ec t rodes ,  and ,  for  o u t e r s p h e r e  
sys t ems ,  a fair ly de ta i l ed  p i c tu r e  of  the  fac tors  con t ro l l i ng  
c h a r g e  t r a n s p o r t  is n o w i n  h a n d  (2-5). T h e r e  are, howeve r ,  
few r e p o r t e d  s tud ies  t h a t  a d d r e s s  t he  q u e s t i o n  of  w h e t h e r  
or  no t  t he  p o l y m e r  e n v i r o n m e n t  c an  b e  ut i l ized to c h a n g e  
t h e  in t r in s i c  reac t iv i ty  of  a n  e lec t roca ta ly t ic  s y s t e m  (6), de- 
s p i t e  t h e  fac t  t h a t  one  of  t h e  in i t i a l  goals  in  t h e  f ield of  
c h e m i c a l l y  modi f i ed  e l ec t rodes  was  to d e t e r m i n e  w h e t h e r  
u n i q u e  reac t iv i ty  cou ld  be  o b s e r v e d  for t h e s e  i m m o b i l i z e d  
s y s t e m s  (7). 

In  t h e  r e l a t e d  f ield of  p o l y m e r - s u p p o r t e d  ca ta lys i s ,  i t  is 
we l l  d o c u m e n t e d  (8) t h a t  t h e  ac t iv i ty  of  a s u p p o r t e d  cata-  
lys t  m a y  b e  c o n s i d e r a b l y  d i f f e r e n t  t h a n  t h a t  o b s e r v e d  for  
t h e  s a m e  c a t a l y s t  in  h o m o g e n e o u s  so lu t ion .  C h a n g e s  in  
t h e  e x p e r i m e n t a l l y  m e a s u r e d  ac t iv i ty  m a y  be  d u e  to fac- 
to rs  (9) s u c h  as r e a c t a n t  pa r t i t i on  coeff ic ients ,  r e ac t i on  si te  
h o m o g e n e i t y ,  a n d  r e a c t a n t  a n d  p r o d u c t  d i f fus ion ,  as wel l  
as c h a n g e s  in the  in t r ins i c  ac t iva t ion  pa r ame te r s .  

T h e  a p p r o a c h  we are  p u r s u i n g  to e luc ida te  reac t iv i ty  ef- 
fects  in  modi f i ed  e l ec t rode  s y s t e m s  invo lves  u s i n g  a well-  
d e f i n e d  (in so lu t ion )  m o d e l  c a t a l y s t  s y s t e m  to p r o b e  t h e  
p o l y m e r  e n v i r o n m e n t ,  i.e., t h e  s u b s t i t u t i o n  k i n e t i c s  of  
Ru(NH3).~(H20) 2+ w i th  s u b s t i t u t e d  pyr id ines ,  Eq. [1] 

Ru(NH3)5(H20) 2+ + R-Py  
--~ Ru(NH3).~(R-Py) 2+ + H20 [1] 

In  ou r  s y s t e m ,  t h e  r u t h e n i u m ( I I )  c o m p l e x  is e l ec t ro s t a -  
t ical ly  b o u n d  in to  Na t ion  fi lms t h a t  h a v e  b e e n  recas t  on  py- 
ro ly t i c  g r a p h i t e  e l ec t rodes .  T h e  s u b s t i t u t i o n  r e a c t i o n  ha s  
b e e n  wel l  s t u d i e d  in  a q u e o u s  s o l u t i o n  (10-11) p r o v i d i n g  a 
p o i n t  of  r e f e r e n c e  w i t h  w h i c h  to c o m p a r e  t h e  r e s u l t s  for  
t he  N a t i o n - p h a s e  reac t ion .  Notab ly ,  in  a n  ear l ie r  c o m m u n i -  
c a t i o n  (12), we  r e p o r t e d  t h a t  t h e  s u b s t i t u t i o n  k i n e t i c s  for  
t h e  r e a c t i o n s  o f i s o n i c o t i n a m i d e ,  p y r i d i n e ,  a n d  4-pyr idyl -  
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carbinol  at Ru(NH3).~(H~O) 2+, electrostatically bound into 
Nation-modified electrodes,  showed substantial  differ- 
ences in reaction rates compared with aqueous solution. In 
addition, this initial study indicated that these reactivity 
changes were predominant ly  controlled by entropic  ef- 
fects. The work described in this report  provides addi- 
tional insight into the unique reactivity effects that can be 
observed in polymer-modified electrode systems. 

Experimental 

M a t e r i a l s . - - A  commercia l ly  available (Aldrich) 5.0 
weight  percent  (w/o) solution of 1100 equivalent  weight  
Nation was diluted with n-propanol to prepare stock 
Nation solutions. The pyridine ligands used in this study 
were obtained from Aldrich and used without further puri- 
fication. Ru(NH~)~CI~ was synthesized from Ru(NH~)~CI~ 
using the procedure of Voght et al. (13) and recrystallized 
from 0:IM aqueous  HC1. All aqueous solutions were pre- 
pared from distil led water that was further purified by 
passage through a Barnstead Nanopure water purification 
system. Sodium tr i f luoromethanesulfonate  (NaTFMS) 
electrolyte solutions (0.05M) were prepared in  s i tu  by neu- 
tralization of the acid. 

Elec t rode  p r e p a r a t i o n . - - P o l y m e r - m o d i f i e d  pyrolytic 
graphite electrodes (14) were prepared by the evaporation 
of 0.005 g/ml Nation solutions. The polymer film thickness 
was es t imated from the reported swollen density of the 
1100 equivalent weight recast Nation (15). Most kinetic ex- 
per iments  were conducted  using a film thickness of ap- 
proximately 0.4 ~m. Each kinetic experiment  was carried 
out with a freshly prepared electrode surface. Nation/ 
graphite electrodes containing Ru(NH3).~(H20) 3+ were pre- 
pared by dipping the Nation-modified electrode into a 
0.05-0.10 mM solution of Ru(NH3)sC13. Prior to a kinetic ex- 
periment,  the Nafion/Ru(III) electrode was cycled several 
t imes be tween  +0.2 and -0.6V (vs. SCE) in a 0.05M 
NaTFMS solution to conver t  the chloride complex  to the 
aquo form. The cyclic vol tammograms recorded over this 
range were linearly dependent  on scan rate (to at least 200 
mV/s); the concentration of Ru(NH3)5(H20) in the film was 
typically 0.01-0.02M. 

K i n e t i c  m e a s u r e m e n t s . - - A ] l  kinetic exper iments  were 
run under  an argon a tmosphere  in a convent ional  two- 
compar tmen t  "H-cell ." The working compartment ,  filled 
with the l igand solution (0.02-0.2M, 0.05M NaTFMS), was 
purged with argon and equi l ibrated with acons t an t  tem- 
perature bath, before the modified electrode was placed in 
the cell. Kinetic exper iments  were initiated by reducing 
the Ru(III) to Ru(II) at -0.6V. The reaction progress was 
monitored at 10-20s intervals by recording the voltammo- 
gram that  resulted from rapidly sweeping (200 mV/s) the 
potential of the reduced electrode to +0.2V. The potential 
of the electrode was then s tepped back to -0.6V to " turn  
on" the substitution reaction again. This procedure was re- 
peated unti l  the subst i tut ion reaction was at least 90% 
complete. Pseudo first-order rate constants were obtained 
from an analysis of the peak current vs. t ime data (16). 

P a r t i t i o n  coe f f i c i en t s . - - A  demountable  two-piece thin 
layer optical cell with quartz windows was used for all par- 
tition coefficient measurements  (14). Polymer films (0.5-2.0 
~m) were deposi ted on one cell half  by evaporat ion of 
0.0125 or 0.025 g/ml Nation solutions. The quartz window/ 
Nation film assembly was c lamped together  with an un- 
modified one, and the cell was filled by capillary action 
from an excess of ligand solution placed at the bottom of 
the cell. Absorbance  measurements  were made using a 
Cary-17 spectrometer.  The concentrat ion of ligand within 
the film can be calculated by taking the difference in the 
absorbance recorded with and without  Nation film in the 
cell. The ligand concentrat ions were not  corrected for 
polymer void volume. 

Results and Discussion 
K i n e t i c s . - - W e  previously reported (12) that the substitu- 

t ion rates (Eq. [1]) for i sonicot inamide and 4-pyridylcar- 
binol are considerably slower than pyridine in Nation, and 

that these rate differences could be attributed to less favor- 
able activation entropies for the more polar ligands. These 
data indicate that a decrease in the ligand polarity should 
result  in an enhanced subst i tut ion rate due to a more fa- 
vorable  activation entropy. To test this supposit ion,  the 
substitution behavior of the more hydrophobic (than pyri- 
dine) ligands 3-chloropyridine and N,N-diethylisonicotina- 
mide were investigated. 

The parti t ion coefficient corrected substi tut ion rate for 
N,N-diethylisonicotinamide, the hydrophobic dialkylated 
analogue of isonicotinamide,  0.20 M- 's- ' ,  is five t imes 
faster, than isonicotinamide,  while that  for 3-chloropyri- 
dine (0.10 M-'s ') is about the same as found for pyridine. 
The activation parameters  for 3-chloropyridine and N,N- 
die thyl isonicot inamide were derived from Eyring plots 
(5~176 These activation values, as well as the data for 
i sonicot inamide and pyridine, are listed in Table I along 
with the bimolecular rate constants at 298 K. Examination 
of the activation terms for N,N-diethylisonicotinamide and 
isonicotinamide demonstrates that, despite the greater ac- 
tivation enthalpy found for the N-atkylated ligand (17.8 vs. 
14.8 kcal/mol), this ligand reacts faster due to a much more 
favorable activation entropy, -2.1 vs. -15 .2  cal/(K �9 tool). 
Al though the corrected bimolecular  rate constants for 
3-chloropyridine and pyridine are approximate ly  equal, 
the activation parameters  are quite different. Notably, 
3-chloropyridine has a higher activation enthalpy (17.4 vs. 
15.1 kcal/mol), which is, however,  compensa ted  by the 
more positive entropy [-4.7 vs. -12.3 caY(K �9 mol)]. 

Two reasonable explanations may be invoked to explain 
the observed entropic control of the substitution reactions 
in Nation. The ligand structure may either effect the "sol- 
vent"  properties of the Nation environment  (e.g., polymer 
swelling, ion pairing) or influence some step in the substi- 
tut ion mechanism.  We have demonst ra ted  that the first 
possibility is unlikely, because addition of N,N-dimethyl- 
benzamide,  a hydrophobic  spectator  species, does not in- 
crease the subst i tut ion rate for isonieot inamide,  whereas 
decreasing isonicot inamide 's  polarity through N,N-di- 
alkylation does cause a factor of five increase in the rate. It 
is likely, therefore, that the ligand polarity influences one 
of the elementary steps in the overall reaction. 

The rate constants and activation parameters presented 
in Table I suggest the very interesting possibility that one 
can also enhance the subst i tut ion rates of sterically hind- 
ered, 2-substituted pyridines in Nation relative to aqueous 
solution (2-methylpyridine is 30 t imes slower than pyri- 
dine in aqueous solution). In fact, we find that the substitu- 
t ion rates for the hydrophobic  ligands 2-chloropyridine 
and 2-propylpyridine are faster than that found for pyri- 
dine substitution (Table II), a clear contrast to the aqueous 
solution results. 

M e c h a n i s t i c  i m p l i c a t i o n s . - - T h e  subst i tut ion rates and 
activation parameters measured for a number  of pyridines 
in Nation (Table II) vary substantially, whereas in aqueous 
solution these kinetic parameters have been reported to be 
nearly constant. The accepted mechanist ic  interpretation 
of the aqueous solution results is that  subst i tut ion in- 
volves an initial unimolecular  dissociation of water  fol- 
lowed by irreversible attack of the entering ligand (10-11). 
A rate-determining step that  involves breaking the 
ru thenium-water  bond is then consis tent  with the rela- 
t ively constant  rates and activation parameters  found in 
solution. 

Our data, which show substantial variations in both the 
substitution rates and activation parameters, are difficult 
to rationalize in the framework of the above dissociative 
mechanism. They are consistent, however, with an associ- 
ative mechanism involving pre-equilibrium outersphere 
complex formation between Ru(NH3)~(H20) ~+ and the en- 
tering ligand, followed by a rate-determining decomposi- 
tion of this complex to the final products. Within this 
mechanistic framework, the enhanced substitution rates 
found for the hydrophobically substituted pyridine 
ligands results from the formation of more stable interme- 
diate complexes, i.e., the preequilibrium binding con- 
stants, K~q, are increased. Larger values of Keq for the more 
hydrophobic  l igands are also consistent  with our mea- 
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Table I. Comparison of rates and activation parameters 
in Nation for ligands of varying hydrophobicity at 25~ 

kbi AH* AS* 
Reactant (M 's-') (kcal/mol) [cal/(K-mol)] 

N,N-diethylisonicotinamide 0.20 17.8 -+ 0.4 -2.1 -+ 2.2 
Isonicotinamide 0.041 14.8 -+ 0.1 -15.2 -+ 0.5 
3-Chloropyridine 0.10 17.4 _+ 0.5 -4.7 +_ 2.3 
Pyridine 0.11 15.1 -+ 0.2 -12.3 -+ 1.4 

sured activation entropies; the ligands that can shield the 
Ru(II) center from interactions with the ordered Nation en- 
vironment, in the intermediate complex, will cause the as- 
sociation constant  to be favored on entropic  grounds. In 
conclusion, the un ique  reactivi ty trends that we have ob- 
served in Nation suggest that polymer-modified electrodes 
may be utilized to effect chemical transformations that are 
considerably different than those found in homogeneous  
solution. 
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