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According to Eq. [11] a large decrease in the mag-  
ni tude of Do* for "y-Nb205 at oxygen pressures less 
than 10 -3 a tm would be pr imar i ly  caused by the var i -  
ation in D. The existence of this var iat ion has been 
confirmed by the present  measurements .  Hence, the 
unusua l  pressure dependence of the parabolic oxida- 
tion kinetics is associated with the formation of a 
"v-Nb205 scale consisting of a series of s t ructures  
changing with the oxygen potential. These structures 
would be distinct Magneli  phases or blocks of a basic 
s t ructure  joined by regular  discontinuit ies (18). If, 
as it has been suggested (6), the vacancy concentra-  
t ion in  such bertholl ides is largely independent  of 
composition, the observed decrease in oxygen diffusion 
rate in "y-Nb205 with stoichiometry would be sufficient 
to account for the decrease in oxidation rate of nio-  
b ium with oxygen pressure. To determine the val idi ty  
of these considerations, the self-diffusion coefficient of 
oxygen in  -y-Nb205 must  be de termined as a funct ion 
of both stoichiometry and structure.  
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The Electrochemical Behavior of 
4,4'-Azopyridine-l,l'-Dioxide 

Joe L. Sadler and Allen J. Bard* 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 

ABSTRACT 

The electroreduction of 4 ,4 ' -azobispyr idine- l , l ' -d ioxide (APDO) in  di- 
methyl formamide solutions was studied by polarography, cyclic vol tammetry,  
controlled potential  coulometry, and electron spin resonance, Voltammetric 
reduction showed two well-defined, reversible one-elect ron transfers. Cou- 
lometric reduction at a potential  corresponding to the plateau of the first 
wave gave evidence of chemical reactions following the ini t ial  electron t rans-  
fer producing intermediates  which were also electroactive at the same poten- 
tials. Coulometry at the second wave gave an over-al l  value of six Faradays 
per mole for the complete reduction of APDO to the dianion of azopyridine 
(A_P), identified by electrochemical and electron spin resonance techniques. 
A mechanism for the reduction process consistent with the exper imental  evi-  
dence is presented. 

The polarographie behavior  of a number  of ter t iary  
amine oxides in aqueous systems has been reported 
(1-9). Kubota  and Miyazaki (6a) performed a po- 
larographic s tudy of pyr idine N-oxide and its alkyl  
derivatives followed by a s tudy (6b) of the effect of 
subst i tuents  on the polarographic reduct ion of pyr idine 
N-oxide derivatives. Recently, Date (7a) reported a 
thorough polarographic invest igat ion of d imethylan-  
i l ine N-oxide, followed by an invest igat ion of the 
relat ionship between the El~2 values of a series of sim- 
i lar compounds and the pKa's  of their  parent  amines 
(7b). Chambers (8) studied the polarographic and 
adsorption behavior  of dimethyldodecylamine N-oxide 
and E1ving and Warner  (9) have reported a s tudy of 
the polarographic behavior  of adenine 1-N-oxide. 

In  all  of the above work, the amine  oxide group 
gives a well-defined, i r reversible  polarographic wave 

* E l e c t r o c h e m i c a l  Society  Act ive  Member .  

between pH values of 1 to 6. Date proposed that the 
amine oxide group is reduced to the corresponding 
parent  amine in  a reaction involving two electrons, 
the first electron addit ion being rate controlling. This 
mechanism agrees quite well  with his exper imental  
data and is fur ther  supported by Chambers '  work on 
N,N-dimethyldodecylamine N-oxide. 

Recently Nasielski and co-workers (10) studied the 
polarographic reduct ion of pyr id ine  N-oxide and other 
heterocyclic N-oxides in DMF solution. They proposed 
that  the reduction involves a single, two-elect ron wave 
(composed of reduction to the anion radical, fast pro-  
tonation, and fur ther  reduction, protonation, and de- 
hydra t ion) ,  leading to the free base. We report  here 
a s tudy of the amine  oxide 4 ,4 ' -azobispyr idine- l , l ' -d i -  
oxide (APDO) in  DMF, in which a clear separation of 
the step leading to formation of the anion radical 
and to formation of the dianion is obtained. 
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Results 
Voltammetric methods. The polarographic reduction 

of APDO, 

O*-N~--N=N-~N-*O 

in a N,N-dimethy]formamide (DMF) solution con- 
taining 0.i /~ tetra-n-butyl-ammonium perchlorate 
(TBAP) showed two well-defined waves (Fig. i) with 
ha l f -wave  potentials (Ez/~) o f - - 0 . 7 3  and --1.35v vs.  
an aqueous saturated calomel electrode (SCE).  The ~o 
values of E3/4--E1/4 for the two waves  (T6mes cr i ter ion o 
for revers ib i l i ty)  0.06 and 0.07v, respect ively,  suggested 
that  the first wave  involved  a reversible,  one-e lec t ron 
reduct ion and that  the second wave  may  be compli-  
cated by a fol lowing chemical  reaction. The diffusion 
currents  of both waves  were  direct ly  proport ional  to 
the square root of the height  of the head of the drop-  
ping mercury  electrode (dme).  The diffusion current  
constants for the first and second waves  were  2.97 and 
5.45 ~a-secZ/2-mM-Lmg -2/3, respectively.  

A cyclic vo l t ammogram of APDO in DMF contain-  
ing O.IM TBAP at a hanging mercury  drop electrode 
(hmde) is shown in Fig. 2. At  all scan rates  employed, 
the reverse  scan clear ly  shows two anodic peaks, cor-  
responding to the oxidation of APDO monoanion and 
dianion. The cyclic vo l t ammogram obtained on a 
planar  p la t inum electrode is i l lustrated in Fig. 3. The 
behavior  of the first wave  is essential ly the same as 
that  observed on a hmde;  however ,  the second wave  
shows a much larger  ca thodic- to-anodic  peak cur ren t  
ratio. Typical  results of cyclic vo l tammetr ic  ( l inear 
potent ial  sweep chronoamperomet ry  with  reversa l )  
exper iments  for both a hmde and p la t inum disk elec- . 
t rode are given in Table I. At  both a p la t inum disk 
electrode and a hmde, the ratio of the peak current  ~~ 
(ipa) of the first anodic wave  to the peak current  of 

the corresponding cathodic wave  (ipc) is about 1, as 
would  be expected for the format ion of a radical  spe- 
cies which is stable dur ing the durat ion of the mea-  
surement.  The value  of Epc-Epa for this couple is ve ry  
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Fig. 1. Polarograms before and after reduction of a 1.32 mM 
APDO solution in DMF containing 0.1M TBAP at a mercury pool 
electrode: 1, before reduction; 2, after reduction at --1.0v vs. SCE. 
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Fig. 2. Cyclic voltammetry of APDO at o HMDE. The solution 
contained 0. IM TBAP in DMF and was 1.32 mM in APDO. 
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Fig. 3. Cyclic voltammetry of APDO at a planar platinum disk 
electrode. The solution contained 0.1M TBAP in DMF and was 
1.32 mM in APDO. 

close to the value  (0.057v) for a reversible ,  one-e lec-  
t ron reaction. Epc and Epa for this couple are inde-  
pendent  of scan rate  v, and plots of the cur ren t  func- 
t ion ( ip /v  1/2) and ipa/ivc vs.  scan ra te  [diagnostic cr i -  
te r ia  given in the  work  of Nicholson and Shain (11) 
stiow this wave  to be reversible] .  

The second reduct ion wave  in cyclic vol tammetr ic  
exper iments  uti l izing a hmde shows some evidence of 
a chemical  react ion fol lowing the reduct ion to give 
another  e lectroact ive species. The current  function 
decreases about 20% for a 1O-fold increase in scan 
rate, which indicates an ECE- type  process (i.e., an 
electron t ransfer  react ion fol lowed by a chemical  re-  
action generat ing a species reducible  at these poten-  
tials).  A simple EC process is el iminated,  because it 
is character ized by a change of only 10% in the cur-  
ren t  function for a 10-fold change in scan ra te  (11). 
The anodic- to-cathodic  peak current  ratios increase 
wi th  increasing scan rate, as expected for an ECE 
process. 

The results obtained in cyclic vo l tammetr ic  exper i -  
ments  using a p la t inum disk electrode also give evi-  
dence for the presence of an i r revers ib le  chemical  re-  
action fol lowing the second charge t ransfer  step. At  
scan rates up to 657 mv/sec ,  however ,  essential ly no 
corresponding anodic wave  is seen for the  second re-  
duction wave. This suggests that  e i ther  the fol lowing 
react ion is catalyzed at p la t inum or perhaps adsorp-  
tion of the product at mercury  occurs. This difference 
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Table I. Cyclic voltommetric data for the two-step reduction of 4,4'-ozobispyridine-l,l'-dioxide a 

Scan  ra te ,  
ipc~ 

mv/sec ~a 

F i r s t  w a v e  Second  w a v e  

ipa b - -  E p c  - -  E p a  ipc v ipa b - -  E v e  - -  Epa 
/La ipa/ipc v v s .  SCE i p c /V l / 2  ~a ~a ipa/ipc 1) v s .  SCE i p c / V  1/2 

73 5.4 
91 6.0 

203 8.1 
298 11.0 
430 14.0 
657 17.9 

73 6.5 
9 1  7 . 7  

203 11.0 
298 13.3 
430 15.8 
657 19.5 

73 20.1 
91 22.8 

203 33.0 
298 40.2 
430 48.0 
657 60.0 

73 8.0 
91 9.0 

203 13.0 
298 1 8 . 5  
430 18.0 
657 24.5 

H a n g i n g  m e r c u r y  d rop  e l ec t rode ;  d conc. = 1.03 m M  
5.0 0.93 0.76 0.71 0.63 5.8 3.9 0.67 1.40 1.33 0.68 
5.8 0.97 0.76 0.70 0.63 5.9 4.8 0.81 1.40 1.33 0.62 
7.9 0.98 0.76 0.70 0.67 8.5 6.1 0.72 1.40 1.33 0.60 

10.4 0.96 0.76 0.70 0.64 10.1 7.5 0.74 1.40 1.33 0.59 
13.2 0.95 0.76 0.70 0.68 12.2 8.7 0.71 1.40 1.33 0.59 
17.0 0.95 0.80 0.69 0.70 15.6 12.0 0.77 1.41 1.30 0.61 

C o n c e n t r a t i o n  = 1.29 m M  
6.0 0.93 0.76 0.70 0.77 6.1 4.4 0.72 1.42 1.35 0.72 
6.5 0.85 0.76 0.70 0.80 6.5 4.4 0.68 1.42 1.35 0.68 

10.0 0.91 0.76 0.70 0.77 8.5 6.3 0.74 1.42 1.35 0;00 
12.5 0.94 0.76 0.70 0.77 10.4 7.9 0.76 1.42 1.34 0.60 
15.0 0.95 0.76 0.70 0.76 11.7 8.9 0.76 1.42 1.34 0.57 
18.5 0.95 0.80 0.67 0.76 14.4 9.3 0.65 1.42 1.32 0.56 

C o n c e n t r a t i o n  = 3.25 m M  
16.1 0.80 0.76 0.70 2.4 23.6 19.7 0.84 1.39 1.31 2.8 
18.5 0.81 0.76 0.70 2.4 26.4 22.1 0.84 1.39 1.31 2.8 
28.8 0.81 0.76 0.70 2.3 37.0 30.7 0.83 1.39 1.31 2.8 
33.1 0.82 0.76 0.70 2.3 44.1 37.0 0.84 1.40 1.31 2.5 
41.7 0.87 0.76 0.70 2.3 50.0 43.4 0.87 1.40 1.30 2.4 
50.0 0.83 0.77 0.67 2.3 60.0 55.0 0.92 1.41 1.30 2.3 

P l a t i n u m  d i sk  e l ec t rode ;  e c o n c e n t r a t i o n  = 1.74 m M  
8.5 0.81 0.77 0.71 0.94 
7.5 0.83 0.77 0.71 0.94 

13.0 1.00 0.77 0.71 0.91 
16.0 0.97 0.77 0.71 0.95 
17.5 0.97 0.78 0.70 0.97 
23.5 0.96 0.78 0.69 0.96 

The  s o l u t i o n  was  0.1M T B A P  in  
b F o r  scan r e v e r s e d  a t  a p o t e n t i a l  
c M e a s u r e d  u s i n g  e x t r a p o l a t i o n  of  

E l ec t rode  a rea  = 0.088 c m  "~. 
e A p p a r e n t  e l ec t rode  a rea  = 0.031 

DMF.  
100mv more  n e g a t i v e  t h a n  Epe. P o t e n t i a l s  g i v e n  m a y  also i n c l u d e  some  u n c o m p e n s a t e d  i R  drop .  
d e c r e a s i n g  c u r r e n t  of  f i rs t  p e a k  as base - l ine .  

cm ~. 

mercury  electrodes was 

the fol lowing reactions 

in behavior  at p la t inum and 
not invest igated fur ther .  

These results suggest that  
occur dur ing v o l t a m m e t r y  

APDO § e ~,~-- A P D O -  (first wave)  [1] 

A P D O -  % e ~-- APDO = (second wave)  [2] 

APDO = + H S ~  A P D O H -  + S -  [3] 

where  HS represents  any source of protons and 
A P D O H -  is reducible  at the potent ial  of the second 
wave.  

Coulometr ic  exper iments  at a mercury  pool elec-  
t rode control led at a potent ial  on the diffusion plateau 
of both the first (--1.0v) and second (--1.8v) reduc-  
tion waves  were  under taken  to s tudy the e lec t rochem- 

ical behavior  of A P D O -  and APDO = and to obtain, 
via electron spin resonance (esr) techniques,  fu r the r  
evidence for the above-pos tu la ted  mechanism. Reduc-  
tion of APDO at --1.0v gave values of napp ranging 
f rom 1.40 to 1.92 faradays per mole (Table II) .  In all  
exper iments  the electrolysis cur ren t  decayed to a 
value  significantly higher  than the corresponding 
background currents.  For  example,  in the case of •app 
= 1.70, the cur ren t  decreased f rom an init ial  va lue  
of 38 ma to a s teady value  of 1.4 ma after  30 min, in-  
dicating that  continued electrolysis does not br ing 
about complete  cessation of all reduct ion reactions. 
This behavior  is indicat ive of a slow secondary proc-  
ess which produces a product  that  is e lectroact ive at 
the same potential.  Reversa l  coulometry  at --0.20v vs. 
SCE gave napp values for oxidat ion significantly lower  
than the  corresponding init ial  reduct ion napp values 
(Table I I ) .  

The solution resul t ing f rom reduct ion of APDO at 
--1.0v vs. SCE was a deep redd i sh -b rown in color and 
gave an intense esr spect rum of about 75 lines. The 
spect rum was significantly nonsymmetr ica l  about the 
center, indicat ing that  the signal obtained was due 
to a mix tu re  of two or more  radical  species. The pres-  
ence of two radical  species is also consistent wi th  an 
ECE mechanism. 

V o l t a m m e t r y  a f t e r  Reduct ion 
Polarograms for a A P D O  solution before and af ter  

reduct ion a t - - 1 . 0 v  vs. SCE are shown in Fig. 1. The 
polarogram for a reduced APDO solution (Fig. 1, 
curve  2), shows an anodic wave  with  a large m a x -  
imum which abrupt ly  drops to near  the expected dif-  
fusion current  value  at a potent ia l  (--0.68v) near  the 
potent ial  of the e lect rocapi l lary  m a x i m u m  for this 
medium, --0.70v. This behavior  is s imilar  to that  ob- 
served by San thanam and Bard (12) in thei r  s tudy of 
9,10-diphenylanthracene and can probably be a t t r ib-  
uted to the anodic s t reaming mechanism proposed by 

them. The reduct ion of A P D O -  to APDO = occurs at 
the same potential  as the second polarographic  wave  
in the reduct ion of APDO (Fig. 1, curve  2). The dif-  
fusion current  of the second wave  is about the  same 
before and af ter  electrolysis at --1.0v. Cyclic vo l t am-  
metry ,  uti l izing a hmde, on a reduced solution of 
APDO is shown in Fig. 4, curve  2. The ve ry  large  an-  
odic current  for the  oxidat ion is a t t r ibuted  to the 
same st i r r ing effect ment ioned above. Cyclic vo l t am-  
me t ry  on a p la t inum disk electrode does not  exhibi t  
this s t i r r ing phenomena (Fig. 4, curve  4). The va lue  
of /pc for the first wave  at a p la t inum electrode de-  
creases by about 20% after  reduct ion of APDO at 
--1.0v (24.5 ~a before vs. 19.4 ~a af ter) .  Peak  potentials 
(Epc and Epa) for the first reduct ion step are un-  

changed. 
Fur the r  control led potent ial  reduct ion of the re -  

duced solution at --1.80v, corresponding to the plateau 
of the second wave  gave an addit ional  4.1 faradays 

Table II. Controlled potential coulometric results a 

nap]) 

Reduction at Oxidation at Reduction at 
Conc., mM -- 1.0v -- 0.20v -- 1.80v 

0.90 1.63 -- 5.92 
1 . 0 5  1 . 9 2  - -  - -  
1 . 3 2  1 . 9 2  -- -- 
1.73 1.40 0.47 -- 
3.25 1.70 0.70 
1.05 -- -- 5.84 

s The solution was DMF containing 0.1M TBAP. The cathode 
was a mercury pool with an approximate area of 12 cm 2 and 

the anode was platinum wire, isolated by a fine-porosity, sin- 
tered glass disk. Potentials given above are vs. SCE. Electrolysis 

times were 0.5 to 1.5 hr. 
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Fig. 4. Cyclic voltommetry of 
APDO on a hmde and platinum 
disk electrodes at various stages 
of reduction at a mercury pool 
working electrode. The solution 
was 1.73 mM in APDO in DMF 
containing 0.1M TBAP: 1, C.V. 
at hmde of original solution; 2, 
C.V. at hmde after reduction at 
--1.0 v; 3, C.V. at platinum 
disk electrode of original solu- 
tion; 4, C.V. at platinum disk 
electrode after reduction at 
- -1.0 v; 5, C.V. at a platinum 
disk electrode after reduction at 
--1.80 v; 6, C.V. at a platinum 
disk electrode of an authentic 
sample of azopyridine in the 
same medium as described above. 

per mole for an over-al l  value of napp = 5.84. Cyclic 
vol tammetry,  employing a p la t inum disk electrode, of 
an APDO solution after complete reduct ion at --1.80v, 
is shown in  Fig. 4, curve 5. With the scan ini t iated in 
a positive direction from --1.80v, an  oxidation wave 
occurs at --0.76v followed, on reversal,  by  two re-  
duction steps a t - -0 .84  and --1.53v. These peak poten-  
tials are significantly different from those observed for 
APDO itself. 

Reversal coulometry  (oxidation) at --1.0v resulted 
in  no anodic current  flow, indicat ing that  the reduced 
species was not oxidizable at this potential.  On chang-  
ing the potential  to --0.20v, however,  this species was 
oxidized, giving a value of napp ~ 1.44. Cyclic vol tam- 
metric reduct ion and oxidation of the species resul t ing 
from this oxidation showed waves at the same poten- 
tials as those observed for the completely reduced spe- 
cies as noted above; the first charge t ransfer  was ap- 
parent ly  reversible with a reduct ion wave at --0.84v 
and was followed by  an i r revers ible  reduct ion with a 
peak potent ial  of --1.53v. 

Control led potent ial  electrolysis of this product at 
a potential  corresponding to the first reduct ion step 
(--1.0v) gave a value of napp = 1.30. The solution was 
sampled at this stage for esr analysis. The resul t ing 
esr spectrum, containing approximately  40 lines, was 

significantly different from the spectrum of A P D O -  
ment ioned above. 

The most logical product of the complete reduct ion 
of APDO, based on the behavior  of other amine  oxide 
systems, would involve the 4,4'-azobispyridine (AP) 
system; hence, the electrochemical behavior  of AP 
was examined. Cyclic vol tammetry,  employing a plat-  
inum disk electrode, of AP is shown in Fig. 4, curve 6. 
The vol tammetr ic  behavior  of AP is the same as that  
of the reduction product of APDO obtained by com- 
plete reduct ion at --1.8v. Controlled potent ial  elec- 
trolysis of AP, using conditions identical  to those em- 
ployed for APDO, was performed at a potential  of 
--1.0v, which corresponds to the plateau of the first 
reduction wave. An  napp value of 1.09 electrons per 
molecule was observed for this reduction. A sample 
was taken  at this stage for esr analysis. The resul t ing 
esr spectrum was identical  to that  obtained from re-  
versal  coulometry reported in the previous paragraph. 

Ef fect  of  Proton Donor 
To gain some insight  into the in termediate  steps in -  

volved in  the reduction of APDO, its electrochemical 
behavior  in  the presence of vary ing  amounts  of a pro- 
ton-donat ing  agent was studied. Hydroquinone  (HQ), 
previously employed in a s tudy of 9,10-diphenylan- 
thracene (12) was used as the proton donor. The effect 
of vary ing  amounts  of HQ on the polarographic be-  
havior of APDO is shown in  Fig. 5. The first wave is 
unaffected by increasing concentrat ions of HQ; how- 
ever, the second wave is shifted in an anodic direction 
and the diffusion cur ren t  is increased as the HQ con- 
centrat ion is increased. The second reduction step 
changes from near  reversible behavior,  at zero concen- 
t ra t ion of HQ (E3/4 - -  E1/4 = 65 mv) ,  to completely i r-  
reversible character  (E3/4 - -  El/4 = 150 mv) in the 
presence of excess HQ (HQ/APDO ratio = 8.0). The 
cyclic vol tammetr ic  behavior  of APDO at a hmde in 
the presence of HQ is i l lustrated in Fig. 6. The first 
reduction step is unaffected by addit ion of excess HQ 
with the second reduction showing behavior analogous 
to that seen in polarography (/pc increasing and E~,c 
shifting anodically with increasing HQ concentrat ion) .  
These results suggest that  if the chemical reaction 
following the first reduction step involves protonation, 
its rate is still negligible dur ing  the dura t ion of the 
vol tammetr ic  experiment.  However, the rate of the 
reaction following the second reduction step is in -  
creased considerably. Controlled potential  electrolysis 
at --0.80v was performed on the above-ment ioned so- 
lu t ion with a resul t ing napp of 5.92 electrons, which is 
the same as the nap, found for the over-al l  reduction 
in the absence of proton donor. 

3 

2FA 

y,- 

o 

o 

-o~s -o!e -o~'., -o'.e -o~9 -I'.o -d, -,!2 -~73 -d4 -d5 -de 
E[V vs. SGE) 

Fig. 5. Polarograms for reduction of 1.05 mM APDO in 0.1M 
TBAP in DMF in the presence of varying amounts of hydroquinone 
(HQ): 1, no HQ added; 2, HQ concentration is 1.77 raM; 3, HQ 
concentration is 8.10 raM. 
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Fig. 6. Cyclic voltammograms for the reduction of i.05 mM 
APDO at a hmde in 0.1M TBAP in DMF in the presence of varying 
amounts of hydroquinone (HQ): 1, no HQ present; 2, 1.77 mM HQ; 
3, 8.10 mM HQ. 

Discussion 
The mechanism of the electrochemical  reduct ion of 

APDO is shown in the schematic d iagram in Fig. 7. 
In this d iagram electron t ransfer  processes at the 
electrode are indicated by s t raight  lines and chemical  
reactions are shown as wavy  lines. Compounds which 
are reduct ion products of APDO are shown as lines 
below the APDO line; these lines are spaced in in-  
creasing numbers  of electrons added to the parent  
molecule.  Where  the appropr ia te  electrode potentials 
are known, they are indicated next  to the couple. 
Downward  arrows show reduct ion and upward  ones 
oxidations. 

We proposed to explain the exper imenta l  results 
wi th  the fol lowing mechanism: 

At  potentials corresponding to the first wave: 

APDO + e ~ A P D O -  [4] 

APDO U -t- H S ~  APDOH. + S (very  slow) [5] 

APDOH. + 3H + +t- 3 e ~  AP + 2H20 [6] 

AP +t- e ~ A P -  [7] 

At  potentials corresponding to the second wave: 

A P D O -  + e ~ A P D O - -  [8] 

A P D O - -  + H + --> A P D O H -  [9] 

A P D O H -  -t- 3H + +t- 2 e ~  AP + 2H20 [10] 

AP + 2e ~ A P - -  [11] 

A P - -  + HS ~ A P H -  + S -  [12] 

The polarographic and cyclic vo l tammetr ic  results 
show tha t  during the small  durat ion of these exper i -  
ments (3-20 sec), the results can be explained by re-  
actions [1] to [3]. Only a small  contr ibut ion of the 
fol lowing reactions [9] through [11] is found, resul t ing 
in the ECE- type  behavior  of the second vo l tammet r ic  
wave. 

Control led potent ia l  coulometr ic  reduct ion at a po- 
tent ial  corresponding to the plateau of the first wave  
gives napp values significantly greater  than one and 
evidence of production of an e lect roact ive  species (cur-  
rent  not  decaying to the background va lue) .  Reversa l  
coulometry  (oxidat ion at the foot of the first wave)  

O ~  

-0.73v 

-|,35v 

2 ~  

3 ~  

4 ~  

5 ~  

6 ~  
ELIrGTP*ON$ 
ADDED TO 

APDO 

APOO 

il" APDOr  H* APDOH- , - , ~ . v V V V V ~  
t (Ver,y slow) .~ 
I s  f .  

I~" ~ "FI~" A P D O H -  
I ,,poo-- 

~ 3e  e I /"  

II ' /  ; '  
-o.8ov ! h  i \ 

AP - -  r  I , APH" 
(1low) 

Fig. 7. Schematic diagram of mechanism of the electroreduction 
of APDO. Electron transfer processes at the electrode are indi- 
cated by straight lines (reductions downward and oxidations up- 
ward) and chemical reactions by wavy lines. The extent of reduc- 
tion, in terms of electrons added to APDO, is indicated by the 
distance down from the APDO line. The potentials at which re- 
actions occur (El~2, vs. SCE) are indicated near the appropriate 
couple, when known. Some qualitative measure of the rates of 
chemical reactions has been given ("slow" denotes a reaction 
which does not proceed to an appreciable extent during a time 
characteristic of voltammetric experiments but is appreciable on 
the coulometric time scale; "very slow" denotes a reaction which 
proceeds only partially even in coulometric experiments). 
Reduction a t - -1 .0v ;  . . . . . . . .  oxidation at --0.20v following this 
reduction; reduction at --1.8v; - -  �9 - -  �9 m �9 
oxidation at ~0.2v following this reduction. 

gives a smaller  value  of napp, for example  (napp  reduc-  
tion = 0.70, Table II) .  This behavior  is ascribed to a 

very  slow react ion of the anion radical  A P D O -  to 
form an electroact ive species; a protonat ion react ion 
to APDOH. seems reasonable.  Since the  first reduct ion 
wave  of APDO is unaffected by addit ion of a proton 
donor, this react ion must  be slow, even in the pres-  
ence of excess hydroquinone.  Fur the r  reduct ion and 
protonat ion eventua l ly  leads to azopyridine (AP) ,  
which is reduced at these potentials to the stable anion 

radical  A P - .  Since APDOH. is reduced at these poten-  
tials in a series of steps involv ing  4 electrons, only a 

small  amount  of reaction of APDO -wi l l  give an appre-  
ciable contr ibution to napp. For  example,  the decompo- 

sition of about 20% of the A P D O -  would  account for 
these results. The fact that  vo l t ammet ry  of the  reduced 
solution shows a cathodic peak current,  on reversal ,  
of about 80% of the original  cathodic peak current,  is 
also in agreement  wi th  this mechanism and suggests 
that  some of the in termediates  involved in [6] are not 
oxidizable. Since the second reduct ion wave  is about  
the same af ter  reduct ion as in the original  solution, r e -  
duction of both products and in termediates  is sug- 
gested. The esr spectra obtained fol lowing reduct ion 
at potentials of the first wave  are probably  those of 

A P D O - ,  A P -  and perhaps some intermediates.  
Reduct ion at a potent ial  on the plateau of the second 

wave  leads in a series of protonat ion and reduct ion re -  
actions to A P H - ,  wi th  napp ~ 6 (within exper imenta l  
e r ror ) .  The electrochemical  behavior  of the solution 
resul t ing f rom this reduct ion is identical  wi th  that  
obtained f rom reduct ion of AP itself. 1 Af ter  complete  

1 A complete  s tudy  of the e lec t rochemis t ry  of  azopyr id ine  and 
other  a romat ic  azocompounds  in  DMF has  been  comple ted  (J. 
Sadler,  Ph.D.  Disser ta t ion,  The  TJniversi ty of Texas  at  Aust in ,  
1967) and has  been submi t t ed  for  publ icat ion e lsewhere .  The  be- 
hav io r  of azopyr id ine  shown in the  lower  pa r t  of  Fig.  7 has  been  
es tabl ished in this  s tudy.  
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reduction, oxidation at --0.2% and re-reduct ion,  an esr 

signal which can unequivocal ly  be ascribed to A P -  
is obtained, giving fur ther  support  to this mechanism. 

Experimental 
The cell and vacuum line used were essentially the 

same as reported by San thanam and Bard (12). DMF 
purification and storage also followed the procedure 
outl ined there. The filling of the electrochemical cell 
was accomplished by first evacuat ing the cell contain-  
ing the support ing electrolyte and mercury  pool, cool- 
ing with l iquid nitrogen, then dist i l l ing DMF under  
vacuum into the cell. After  the dist i l lat ion had been 
completed, the cell and contents were allowed to warm 
to room tempera ture  with continuous evacuation. The 
cell was then brought  to atmospheric pressure by in-  
t roducing he l ium through the vacuum line. The he l ium 
was obtained from the Matheson Company, LaPorte,  
Texas. It was passed successively through anhydrous  
magnes ium perchlorate, copper tu rn ings  (heated to 
350~ activated charcoal cooled to l iquid ni t rogen 
temperature,  and finally to the cell. A hel ium blanket  
over the solution was main ta ined  throughout  the ex- 
pe.riment. The auxi l iary  electrode was a p la t inum wire. 
The reference electrode was an aqueous SCE con- 
nected via an agar plug and sintered glass disk to the 
test solution. St i rr ing was by a magnetic  stirrer. 

The vol tammetr ic  exper iments  were carried out 
using a mul t ipurpose ins t rument  employing opera- 
t ional amplifier circui try with three-electrode con- 
figuration, s imilar  to those discussed in  the l i terature  
(13). Controlled potential  coulometry was carried out 
using a previously described apparatus (14). 

The APDO was from Aldrich Chemical Company. It 
was recrystall ized twice from absolute ethanol and 
twice from benzene. The mel t ing point of the resul t -  
ing product was very sharp at 236.5~ (decomp.). AP 
was synthesized by reduction of APDO in ethanol 
with zinc dust and ammonia.  The mel t ing  point  of the 
product after recrystal l izat ion from petroleum ether, 
was 106.5~ as compared to a l i terature  value of 
107~ (15). The TBAP was obtained from Southwest-  
ern  Analyt ical  Chemicals, Austin,  Texas. It was dried 
in  a vacuum oven for 8 hr at 70~176 and stored in 
a desiccator unt i l  use. 

A Varian Associates V-4502 spectrometer employing 
100-kc field modulat ion was used for esr spectroscopy. 

Acknowledgment 
The support  of this research by the Robert  A. Welch 

Foundat ion  and the National  Science Foundat ion  
(GP 6688X) is grateful ly  acknowledged. The authors 
are indebted to Tom V. Atkinson and Larry  O. 
Wheeler for aid in  the esr spectroscopy and to K. S. V. 
San thanam for helpful discussions dur ing  the work. 

Manuscript  received Ju ly  17, 1967; revised manu-  
script received ca. Nov. 23, 1967. 

Any  discussion of this paper wil l  appea r  in a Dis- 
cussion Section to be published in the December 1968 
J O U R N A L .  

REFERENCES 

1. A. Foffani and E. Fornasari ,  Gazz. Chim. Ital., 83, 
1051, 1059 (1953). 

2. A. Foffani and E. Fornasari ,  Atti. Acad. Naz. Lin- 
cei, Ser. 8, 23, 62 (1957). 

3. G. Horn, Acta Chimica Acad. Hung., 27, 123 (1961) ; 
33, 287 (1962). 

4. L. V. Varyukhina  and Z. V. Pushkareva,  J. Gen. 
Chem. USSR, 26, 1953 (1956). 

5. O. N. Nechaeva and Z. V. Pushkareva,  ibid., 28, 
2721 (1958). 

6. T. Kubota  and H. Miyazaki, (a) Bull. Chem. Soc. 
Japan, 35, 1549 (1962); (b) ibid., 39, 2057 (1966). 

7. Y. Date, (a) J. Chem. Soc. Japan (Nippon Kagaku 
Zasshi), 84, 875 (1963); (b) ibid., 84, 964 (1963). 

8. L. M. Chambers,  Anal. Chem., 36, 2431 (1964). 
9. P. J. Elving and C. R. Warner ,  Coll. Czechoslov. 

Chem. Commun., 30, 4210 (1965). 
10. G. Anthoine, J. Nasielski, E. Vander  Donckt, and 

N. Vanlautem, Bull. Soc. Chim. Belges, 76; 230 
(1967). 

11. R. S. Nicholson and I. Shain, Anal. Chem., 36, 706 
(1964). 

12. K. S. V. San thanam and A. J. Bard, J. Am. Chem. 
Soc., 88, 2669 (1966). 

13. (a) W. M. Schwarz and I. Shain, Anal. Chem., 35, 
1770 (1963); (b) W. L. Underkofler and I. Shain, 
ibid., 35, 1778 (1963). 

14. A. J. Bard, Anal. Chem., 35, 1121 (1963). 
15. H. I. den Hertog, C. H. Henkens,  and J. H. Van 

Roon, Rec. Trav. Chim., 71, 1145 (1962). 

The Cu/CuF  Couple in Anhydrous 
Hydrogen Fluoride 

Brian Burrows* and Raymond Jasinski* 
Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The electrochemical behavior  of a Cu electrode was invest igated in basic, 
anhydrous  HF. Anodizat ion of Cu established the Cu/CuF2(s)  couple. Micro- 
polarization and bias tests indicated that this couple was reversible, and its 
potential  vs. an H2 electrode in the same solution agreed well with that  pre-  
dicted from thermodynamic  data. Thus the couple is sui table for use as a 
reference electrode in basic HF. The formation of a re la t ively thick, insoluble 
anodic film at a copper electrode was demonstrated by cyclic vo l tammetry  and 
chronopotentiometry.  Anodic-cathodic cycling of an electrode gave rise to 
significant roughening of the electrode surface as shown by i-E curves, E- t  
curves, and differential capacitance measurements  on cycled electrodes. X-ray  
analysis of the anodic film confirmed the presence of crystal l ine copper 
fluoride. The formation of CuF2 appears to proceed via dissolution of Cu to 
form Cu e+ ions, followed by precipitat ion of the CuF2 on the electrode sur-  
face. The polarization behavior of Cu electrodes in anhydrous  HF solution 
containing added K F  showed that  anodic film formation can be approximated 
by Tafel lines with an apparent  exchange cur ren t  density of about 3 x 10 -6 
amp/cm 2. Properties of the anodic film of CuF2 are quite similar to those 
observed for noncont inuous  anodic films formed in aqueous solutions. 

Very little work on the characterization of electrode tions have been made (1-3) ; a brief report  on the con- 
reactions in  anhydrous  or aqueous HF has been re -  s truct ion of a ro ta t ing  nickel  electrode for use in  
ported. A small  n u m b e r  of potentiometric  invest iga-  anhydrous  HF is available (6), and a dropping mer -  

* Electrochemical Society Active Member. cury electrode using a Teflon capil lary in  aqueous HF 
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