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ABSTRACT 

The electrode reduction mechanism of (E)=phenyl-2-nitro-l-propene 
(PNP) in N,N-dimethylformamide (DMF) has been studied by polarographic, 
cyclic voltammetric, and rotating disk techniques. The compound is reduced 
in two polarographic steps in DMF and DMF-water solutions. Data taken at 
potentials of the first polarographic plateau suggest that the compound is re- 
duced to a product via a mechanism involving coupling of the ion radicals 
of the precursor. The rate of the coupling reaction has been studied as a 
function of concentration of the PNP and water content of the solvent. Oscillo- 
scopic recording of rapid cyclic voltammetry experiments demonstrate that 
the second polarographic step represents a two-electron reduction of the parent 
compound, PNP. 

A wealth of electrochemical and electron spin reso- 
nance data demonstrate the great stabili ty of the anion 
~-radicals of a large variety of aromatic nitro com- 
pounds in aprotic solvents such as acetonitrile, di-  
methylsulfoxide, and N,N-dimethylformamide (DMF) 
(1, 2). Nitro group elimination (S) and aromatic r ing- 
halide elimination (4, 5) represent some decay path= 
ways of certain species of this general type. Hoffman 
et al. (6) found that the anion radicals of various 
electrochemically generated ter t -a lkyl  nitro com- 
pounds are intrinsically unstable, cleaving to nitrite 
ion and corresponding alkyl free radicals in glyme 
solvent. The small amount of data presented relative 
to nitroalkene x-radicals, intermediate to the above 
examples in extent of resonance stabilization, is in-  
conclusive as to the general behavior of such species 
in aprotic media (7-9). As part  of a systematic study 
into this matter, the compound 1-phenyl-2-nitro-1- 
propene (PNP) [I] was synthesized and its electro= 
chemical behavior in DMF and DMF-water  solutions 
observed. Techniques employed in the study include 
conventional d-c polarography, rotating disk, and cy- 
clic voltammetry. 

H NO2 
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Results 
Polarography.--The compound PNP features two 

polarographic waves in DMF containing 0.1M tetra-N- 
propylamrnoniurn perchlorate (TPAP) (Fig. 1). The 
waves exhibit half-wave potentials (Ei/2) of --0.99 
and--1.68V vs. saturated calomel electrode (SCE) and 
are diffusion controlled. Complete polarographic data 
are presented in Table I. The diffusion current con- 
stant (Id) of the more negative potential plateau in 
dry DMFI is much less than that for a one-electron 
* Electrochemical Society Active Member. 
Key words: (E)-l-phenylo2-nitro-l-propene, electrochemistry, di- 

merization. 
I DMF containing less than 0.03% water. 

Fig. 1. Polarograms of PNP 1 mM in DMF containing (a) no 
water, (b) 220 mM H20, (c) 660 mM H20, (d) 6600 mM H20. 
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Table I. Polarographlc data for (E)-l-phenyl-2-nitro-l-propene 
in DMF, DMF-H20, and DMF-HQ mixtures a 

Firs t  w a v e  S e c o n d  w a v e  

ld Zd 
( ~ A m M - I  ( /zAmM-I 

HsO b - -  E l l s  s ec -1 /6  - -  E1/~ sec-1/6 
(raM) (V) rng-~/8) e (V) m g-2/8) r 

0 0.99 1.82 1.68 0.59 
220 0.95 1.82 1.66 1.52 
440 0.95 1.82 1.61 1.98 
660 0.94 1.82 1.61 2.15 

1,100 0.93 1.82 1.56 3.08 
2.200 0.89 1.82 1.50 4.71 
6.600 0.87 1.82 1.47 6.51 

11,000 0.86 1.82 1.37 5,37 
KQ 

(raM) 
0.0 0.99 1.82 1.68 0.59 
1.82 0.99 1.82 1.43 2.52 
9.10 0.98 1.83 1.38 4.22 

18.20 0.97 1.81 1.29 4.81 
88.40 0.97 1.81 1.25 4.81 

145.60 0.92 1.81 1.24 4.81 

�9 Al l  s o l u t i o n s  w e r e  1 m M  in  P N P  a n d  0.1M in  T P A P  s u p p o r t i n g  
e l e c t r o l y t e .  

b C o n c e n t r a t i o n  c o m p u t e d  b a s e d  o n  w a t e r  a d d e d  to so lven t .  
Al l  d i f fus ion  c u r r e n t s  m e a s u r e d  a t  a m e r c u r y  h e a d  h e i g h t  of  

S0 cm.  T h e  e l e c t r o d e  charac ter i s t i c s  m e a s u r e d  a t  60 c m  m e r c u r y  
h e a d  a n d  a t  o p e n  c ircui t  w e r e  ~rt = 2.41 m g / s e c  a n d  t = 3.1 sec,  

t ransfer  process involving materials  of comparable 
diffusion coefficients. Addit ion of the proton donors 
water  and hydrocluinone (HQ) to the test solution 
had no effect on the diffusion current  or shape of the 
f r s t  plateau (Fig. 1"). The E1/2 of the wave is, however, 
shifted towards less negative potentials by large ratios 
of proton donor to electroactive compound. The char-  
acteristics of the second polarographic wave proved 
to be sensitive to added proton donors (Table I, Fig. 
1). The diffusion current  is increased to a l imit ing 
value, a factor of ten  greater  than  that  of the wave in  
pure solvent, upon addit ion of large quanti t ies  of 
water  or HQ. This change is accompanied by a signifi- 
cant positive shift in  the Etz2 of the wave (Table I) .  
Consistent with previously published data, HQ proved 
to be much more effective than  water  as a donor in  
DMF (10). Similar  polarographic behavior  is reported 
by Baizer and co-workers for several  1,2-diactivated 
olefins (11, 12). 

Cuclic voltamrnetry.--Typical cyclic vol tammograms 
of PNP recorded at a p lanar  p la t inum disk electrode 
(ppde) at varying concentrat ions in  DMF are shown 
in Fig. 2. Data for voltammetric  studies at concentra-  
tions of 0.1 and I mM PNP are presented in  Table If. 

Voltage excursion and reversal  120 mV cathodic of 
the first plateau revealed cyclic vol tammetr ic  waves 
with very l i t t le anodic current  in solutions containing 
1 and 10 mM PNP in  dry DMF (Fig. 2). The potential  
sweep rate (v) ranged to a max imum of 12.48 V / m i n  
in experiments  conducted on 1 mM solutions (Fig. 2). 
In  a series of exper iments  conducted at 1 mM PNP the 
cathodic peak potential  [ (Ep)c] shows negative shifts 
of 30 mV per tenfold increase in v. This cathodic shift 
is accompanied by a 9% decrease in the current  func-  
tion, ( ip )c /v  t/~ (Table If) .  

Similar  voltammetric  experiments  in solutions con- 
ta ining 0.1 mM PNP in dry DMF produced cyclic 
waves possessing significant anodic currents (Fig. 2). 
The (Ep)c and current  funct ion of the recorded volt-  
ammograms were essential ly constant  with respect to 
a varying potential  sweep rate (Table If) .  The cath- 
odic to anodic peak separation [ ( E p ) c - ( E p ) a ]  is 60 
mV at all values of v. 

Chronoamperometric  experiments  were conducted in  
conjunct ion wi th  the cyclic vol tammetr ic  experiments  
at the same ppde and unde r  identical conditions of 
concentrat ion of PNP and support ing electrolyte at 
potentials corresponding to the first polarographic 
plateau. Diffusion current  plots, itl/2[C vs. t, of data 
taken from cur ren t - t ime  decay curves (0.3-1.4 sec) of 
the reduct ion of PNP at 0.1 and 1.0 mM in dry DMF 
correspond closely to similar  plots for the known  one-  
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Fig. 2. Single sweep cyclic voltammograms taken at a ppde at 
potentials of first polarographlc wave in DMF containing 0.1M 
TPAP and (a) 0.1 rnM PNP recorded at 12.48 V/rain. (b) 1 mM 
PHP recorded at 12.48 V/min. (c) 10 mM PNP recorded at 9.65 
V/min. E~ is 120 inV. 

electron reduction of n i t robenzene under  the same ex-  
per imental  conditions. 

The influence of water  on the process occurring at 
potentials of the first polarographic wave was studied 
with cyclic vol tammetry  at a ppde (Table II) .  Con- 
trolled quanti t ies of water  were added to solutions 0.1 
and 1.0 mM in PNP and cyclic vol tammograms were 
recorded. Addit ion of water  to solutions 0.1 mM in 
PNP had a slight but  discernible influence on the 
(Ep) c, current  function, and anodic to cathodic current  
ratio [ ( i p ) a / ( i p ) c ]  of the cyclic curves (Table II). At 
a proton donor to PNP ratio of 2.4 • 104 moles to one, 
a 10% decrease in the current  funct ion and a 20 mV 
negative shift in the cathodic wave is noted to accom- 
pany a tenfold increase in  v. Only an immeasurably  
small anodic current  is observed on the reverse sweep 
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Table i|. Cyclic voltammetric data for (E)-l-phenyl-2-nitro-1- 
propene in DMF and DMF-H20 at a ppde a 

( E p )  c (ip) c / v Z l  s 
H s O b  u - -  ( E p ) c  - -  ( E p )  a ( i p ) a /  /LA v o l t - l / ~  
(raM) (V/rain) (V) (mY) (ip)cc m i n l / ~  

(E)-l=phenyl-2-nltro-l-propene (0.1 raM) 

0 12.48 1.00 60 1.0 2.59 
9.38 1.00 60 1.0 2.46 
6 . 2 4  1.00 60 1.O 2.38 
3.12 0.99 60 1.0 2.46 
1.25 0.99 60 1.0 2.66 

6 0 0  1 2 . 4 8  0 . 9 7  62  0 . 6 6  2 . 6 2  
9.38 0.97 60 0.64 2.50 
6 . 2 4  0 . 9 6  60  0 . 6 2  2 . 4 1  
3 . 1 2  0 . 9 6  __d __d 2 . 4 0  
1 . 2 5  0 . 9 5  __d __d  2 . 6 5  

1200 12.48 0.96 70 0.66 2.47 
9.38 0.96 70 0 . 6 4  2 . 4 2  
8 . 2 4  0 . 9 5  70 0 .61  2 . 3 8  
3 . 1 2  0 . 9 4  __d __d 2 . 4 6  
1 . 2 5  0 . 9 4  __d __d 2 . 6 5  

2 4 0 0  1 2 . 4 8  0 , 9 3  70 0 . 6 3  2 , 3 9  
9 . 3 8  0 . 9 3  70  0 .62  2 . 4 0  
6 . 2 4  0 . 9 2  __d __~ 2 . 4 0  
3 . 1 2  0 . 9 2  __a __d 2 . 4 3  
1.25 0.91 __d ~ d  2 . 6 5  I- 

Z 
( E ) - l - p h e n y l - 2 - n i t r o - l - p r o p e n e  ( I  r a M )  

0 4 . 6 8  1 .05  _...d ~ d  2 3 . 2 5  r 
3 . 1 2  1 .04  __d - - d  2 3 . 4 5  
1 . 5 6  1 .03  __d __d 2 5 . 0 0  
0 . 4 7  1 . 0 2  - - d  - - d  2 5 , 3 4  

600 4 . 6 8  1 .02  __e. __a 2 2 . 9 0  
3.12 1.02 __d - - d  23.90 
1 .56  1 .01  __d ~ 2 5 . 7 8  
0 . 4 7  0 . 9 9  - - d  __d 2 5 . 6 3  

1 2 0 0  4 . 6 8  1 . 0 0  __d __d 2 2 . 1 5  
3 . 1 2  0 . 9 9  __d - - d  2 3 . 6 8  
1 .56  0 . 9 7  .__d - - d  2 5 . 4 7  
0 . 4 7  0 . 9 7  __d __d 2 5 . 0 5  

2 4 0 0  4 . 6 8  0 . 9 7  __d ~ d  2 1 . 6 3  
3 . 1 2  0 . 9 6  __d __d 2 2 . 3 4  
1 .56  0 . 9 5  __d __d  2 4 . 2 0  
0 . 4 7  0 . 9 4  __d ~ d  2 3 . 7 1  

�9 All solutions were O.IM in TPAP. 
b Concentration computed based on water added to solvent. 
c E)~ (switching potential) -- 120 mY and ratio computed after 

method of Nicholson et al. (15). 
d Anodic current not reliably measureable. 

segment of cyclic exper iments  conducted at a v of less 
than 6.24 V / m i n  (Table II, Fig. 3). Only a posit ive 
shift in (Ep)c re la t ive  to the same values in dry sol- 
ven t  is noted in wa te r  addition exper iments  con- 
ducted at 1 mM PNP (Table II) .  

The dependence of cyclic peak characterist ics on the 
concentrat ion of PNP in dry DMF is significant to the 
in terpre ta t ion of the electrochemical  process responsi-  
ble for the first diffusion plateau. In general, the cyclic 
vol tammetr ic  data taken at 0.1 mM PNP suggests the 
reversible,  one-e lec t ron  formation of an in termedia te  
fol lowed by a chemical  react ion slow re la t ive  to the 
voltage excursion rate (13, 14). At  higher  concentra-  
tions of PNP (1.0 and 10.0 mM) the behavior  sug- 
gests a rapid chemical  react ion coupled to an init ial  
e lec t ron- t ransfer  process. The influence of the pre-  
cursor concentrat ion on the rate  of the coupled homo-  
geneous chemical react ion and the chronoamperomet-  
t ic  data is consistent wi th  second order  kinetics in-  
volving dimerizat ion of in termedia te  radicals of the 
precursor  (hydrodimerizat ion) .  Nicholson et aL (15) 
and Saveant  et al. (16) have presented the theory of 
cyclic vo l t ammet ry  for an electrochemical ly  ini t ia ted 
homogeneous dimerizat ion react ion wi th  diagnostic 
cri teria analogous to those developed for other  elec-  
t rochemical  react ion mechanisms (13, 14). The cyclic 
vol tammetr ic  data in Table II for PNP are in general  
good agreement  wi th  the  dimerizat ion criteria. 

Oscilloscopic recording of current  response to rapid 
voltage excursion and reversal  past the diffusion pla-  
teau of the diminished second wave, revea led  data 
definitive of the electrochemical  process responsible 
for the wave. Cyclic vol tammograms recorded at a 
ppde in 1 mM PNP at 24 and 240 V / m i n  (Fig. 4) show 
that  the cathodic current  of the second wave  grows in 
intensi ty wi th  increased sweep rate  to a l imit ing value 
equal  to that  of the first wave, a one-e lec t ron  process. 
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o.o f, 

(B) 
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P O T E N T I A L  v s .  8 .  C .  I [ ,  

Fig. 3. Single sweep cyclic voitammograms of PNP at 0.1 mM in 
DMF recorded at a ppde at potentials of first polarographic wave. 
(a) Solution contained no added water and voltammograms record- 
ed at 12.48, 9.38, 6.24, 3.12, and 1.25 V/rain. (b) Solution contained 
2.4M H20 and voltammograms recorded at 12.48, 9.38, 6.24, 3.12, 
and 1.25 V/min. E~ is 120 mV, 

F- 
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POTENTIAL vs. S.C.E. 

Fig. 4. Trace from film of oscilloscopic recording of single sweep 
cyclic voltammograms at a ppde of a 1 mM solution of PNP at (a) 
24 V/min and (b) 240 V/min. E~ is approximately 120 mV. 

These data and the enhanced anodic current  of the first 
wave  recorded under  the same conditions are con- 
sistent wi th  an electrochemical  reduct ion process in- 
volving an initial one-e lec t ron t ransfer  to the parent  
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Table IlL Rotating disk electrode data for the first reduction 
wave of (E)-l-phenyl-2-nitro-l-propene (PNP) a 

Limit ing R o t a t i o n  /d, I 
disk current r a t e  

id,] (/~A) e (sec -I) ~II~C 

Concentration of P N P  -- 2.78 m M  

110 48 8.73 
lS5 99 5.61 
190 150 5,58 
220 201 5.58 
244 253 5.52 
274 305 5.64 
294 358 5.59 
314 409 5.59 
330 461 5.53 350 512 5.56 
368 564 5.58 384 616 5.57 

Concent ra t ion  of  PN]P ---- 3.20 rnM 
259 201 5.72 

Concentration of P N P  ---- 4.79 rnM 

212 48 6,41 297 99 6,28 
305 10S 6.21 
420 201 6.18 
473 253 6.20 516 305 6.16 
573 358 6.17 
584 409 6.13 
631 461 6.13 
668 512 6.13 
703 564 6.18 
773 616 6.17 

s S o l u t i o n s  we re  O.IM T B A I  i n  DMF,  

First  Wave 

R + e- veR-" 

-- k 2 

2R �9 --> Rs = 

compound at the first wave and a subsequent  one-elec-  
t ron addition to the ion radical at the second wave. 
Chemical reactions following the first t ransfer  are not  
apparent  at very rapid potential  excursion rates. The 
sensit ivity of the second wave to small  quanti t ies of 
proton donors (Fig. 1) is consistent with a rapid pro- 
tonat ion of an ini t ial ly produced d i an ion  of PNP. In  
summary  the cyclic vol tammetr ic  data are consistent 
with a general  reduction scheme of the type 

I d !500p a 

ir-0"512 

(ec, second order hydromerizat ion)  

Second Wave 

R': + e- ~:~R = 
fast 

R= + H + ----> saturated products 

Rotating ring-disk electrode studies.--Confirmation 
of hydrodimerizat ion as the major  reduct ion pathway 
of PNP in DMF at its first polarographic step and a 
determinat ion of the rate constant  for the coupling re-  
action was sought with rotat ing r ing-disk  electrode 
(RRDE) techniques. Rotating disk electrode vol tam- 
mograms taken at scan rates of 20-25 mV/sec of i mM 
solutions of PNP in DMF show a reduction wave 
with E1/2 ~ --0.49V vs. Ag reference electrode. Values 
of the Levich constant, id,1/CR~ 1/s (where id,i is the 
disk current  on the mass t ransfer  l imit ing pla teau)  
given in  Table IIs show no dependence on rotat ion 
rate (~). The diffusion coefficient for PNP, D, evalu-  
ated from the Levich equation 

id,1 = 0.62nFADS/Sv-z/BCR~I/2 

(where n -- 1, and v, the kinematic  viscosity, is 0.00849 
cmS/sec for DMF) was found to be 2.4 • 10 -5 cmS/sec. 
Coulometry carried out at --1.10V vs. Ag-R.E. shows 
napp values of 0.97 and 0.98 for 2.78 and 4.79 mM solu- 
tions, respectively. The independence of the Levich 
constant with rotat ion rate and the above coulometry 
data suggest the absence of polymerizat ion which often 
accompanies hydrodimerizat ion reactions in aprotic 
solvents (e.g., for diethyl  fumarate  and fumaroni t r i le)  
(14, 20). 

Rotating r ing-disk  electrode experiments  were per-  
formed to gather addit ional data relative to the mecha-  
nistic characteristics of the reduct ion process. A typical 
RRDE vol tammogram of this system is shown in Fig. 5. 
Collection efficiency (Nz) (where NK = ir/id) mea-  
surements  as a funct ion of disk current  (CON1) 
(where CONI -- id/id.1) were made at various rotat ion 
rates (~) and concentrations. Representat ive data of 
these experiments  are presented in Table IV. The t rend 
of increasing Nz wi th  decreasing CONI has been 
shown to be indicative of a hydrodimerizat i0n re -  
action proceeding by a coupling of radical anions 
rather  than attack of the parent  compound by radi-  
cal anions (17, 20). The exper imental  points were 
fit by  s imulat ing such a mechanism for different 
values of the s imulat ion rate constant parameter  

VoL 121, No. 11 ( E ) - I - P H E N Y L - 2 - N I T R O - 1 - P R O P E N E  1415 

Id, PNP 

-07 I -0.8 

Ir,PNP.- 

I _ Ed I 
-0.9 

Fig. 5. RRDE voltammograms 
of PNP at 2.89 mM in DMF 
determined at a scan rate of 30 
mV/sec and a rotation rate of 
201 rad/sec. (a) id vs. Ed (b) ir 
vs. E~, Er = --0.10V vs. Ag 
R.E. 

POTENTIAL 
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Table IV. Experimental collection efficiency (NK) data for 
(E)-l-phenyl-2-nitro-l-propene a,b 

Table V. Calculated rate constants for reactions of radical anion 
of PNP obtained from RRDE results a 

i r  (/tA) id (/tA) NK C O N I  oJ C o n c e n t r a -  k= 
(sec-D t i o n  (raM) X K T C b  ( I /mole-sec)  

C o n c e n t r a t i o n  P N P  = 2.78 m M  
99 2.78 2,1 1.8 X I04 

23.4 54.6 0.429 0.199 4.79 3.1 1,3 
44.7 113,9 0.392 0.414 201 2.78 1.0 1,5 
61.7 175.5 0.352 0.638 3.20 1.3 1.8 
71.3 220.4 0.324 0.801 4.79 2.2 1.8 
76.6 247.7 0.309 0.900 305 2.78 0.9 1.3 
78.8 260.5 0.303 0.947 Avg = 1.7 • I0~ 
80.0 267.2 0.300 0.872 
80.5 272.3 0.296 0.990 
81.0 273.8 0.296 0.998 a T h e  so lut ions  w e r e  a l l  0.1M T B A I  in  DMF. 
81.0 275.0 0.295 1.000 b X K T C  = (0.51)-~/sl ,1/SD-~/aCoJ-lk=,  ~ = 0.00849 emS/sec.  

C o n c e n t r a t i o n  P N P  = 4.79 m M  
16.8 20.0 0.525 0.047 
18.0 37.0 0.486 0.086 
28.0 64.0 0.438 0.149 
36.0 90.2 0.400 0.209 
37.8 106.8 0.353 0.249 
42.8 135.I 0.315 0.314 
47.5 149.9 0.317 0.349 
55.0 208.0 0.264 0.484 
60.0 234.7 0.285 0.547 
62.0 250.0 0.248 0.581 
65.0 280.3 0.232 0,651 
70.0 315.0 0.222 0,732 
70.0 319.7 0.219 0.744 
71.0 359.8 0.197 0.837 
75.0 400.0 0,189 0,930 
76.0 419.9 0.181 0.977 
78.0 430.0 0.181 1.000 

�9 S o l u t i o n s  w e r e  0.1M T B A I  in  DMF. 
b Rota t ion  ra te  = 201.1 r a d i a n s / s e c .  

X K T C  = (0.51) -2/Svl/SD-1/3D~-lk2. The lines in Fig. 6 
correspond to X K T C  values of 2.2 for l ine b and 0.9 
for l ine a. These lines correspond to the following ex-  
per imental  conditions: l ine a, concentrat ion of PNP 
equal to 2.78M at a rotat ion rate of 305 radians/sec;  
l ine b, concentrat ion of PNP equal to 4.79 mM at a ro- 
tat ion rate of 201 radians/sec. Values of k2, determined 

0.4 

0 .6  

0,5 
X 

O 

0.3 

0.2 

O.I 

O.O 

N K 

I I ! ! 

O.O 0.2 0 .4  0.6 0 8  

I - C O N I  

Fig. 6. Collection efficiency (NK) vs. 1 - C O N I  for a 2.78 mM 
PNP solution (X), and a 4.79 mM PNP solution (0). The rotation 
rates were ]05 rad/sec and 201 rad/sec respectively. Solid lines are 
theoretical curves corresponding to dimerization mechanism and 
for (X) X K T C  - -  2.2 and ( O )  SCTC = 0.9. 

from these X K T C  values and the diffusion coefficient 
are given in Table V; an average of 1.7 X 104M -1 
sec-1 is obtained. 

Discussion of  Results 
Cyclic voltammetric,  chronoamperometric,  and rotat-  

ing- r ing  disk data suggest that  a dimeric coupling re- 
action (hydrodimerization) represents a major  mode 
of decay of the anion radical of the compound PNP, 
produced by an ini t ial  one-elect ron transfer  in  DMF 
solvent. The compound is reduced also at more nega-  
tive potentials via an ec process involving protonat ion 
of the dianion of the parent.  

The radical anion coupling rate found here for PNP, 
1.7 X 10-4M -1 sec -1, is in termediate  to those found 
for other subst i tuted olefins (17-20); the dialkyl  
fumarate  radical anions couple with a k2 --~ 102M -1 
sec -1, while that  for fumaroni t r i le  radical anions is 
6 >< 10SM -1 sec -~. The 1-phenyl, 2-cyano subst i tuted 
olefin, cinnamonitr i le,  yielded a k2 value of 9 • 
102M-] sec- t .  

Baizer and co-workers (11) found that  the radical 
anion of benzalacetophenone in DMF decayed most 
rapidly of the five, 2-subst i tuted 1-phenyl olefins he 
studied ( - -COr > - - C N  > --COOC2H5 > --CON(CH3)2 

--C6H5) with a lifetime approximately 1/40th of that  
of diethyl fumarate.  Comparison of the k2 computed 
for PNP with these data i l lustrated the relat ively 
great reactivity of radical ions of ni t rosubst i tuted ole- 
fins. 

The cyclic vol tammetr ic  data from the study of the 
influence of water  on the electrochemical reaction oc- 
curr ing at potentials of the first polarographic plateau 
suggests that proton donors influence the rate of 
chemical reactions coupled to the electron t ransfer  but  
do not alter the mechanism of the processes controlling 
the shape and behavior  of the cyclic curves (15). Simi- 
lar  conclusions were reached by Baizer and co-workers 
(11) and Bard and co-workers (18) from a var ie ty  of 
data. The magni tude  of the influence of water  is slight 
but  data taken at precursor concentrations of 0.1, 1.0, 
and 10.0 mM are consistent with an increase in the rate 
of reactions coupled to the ini t ial  electron t ransfer  
(Table II, Fig. 3). 

Studies of cis-trans-pairs of some activated olefins 
(19) have demonstrated that  the anion of the c/s- 
isomer may undergo a rapid isomerization to form the 
trans-radical anion as well as react more rapidly in 
self or cross-coupling reactions. No evidence of such 
behavior by the E-isomer of PNP is found in the short-  
te rm electrochemical data presented herein. The fact 
that  only the E-isomer is produced in the synthesis of 
PNP, by the condensation of benzaldehyde, with ni t ro-  
ethane is probably per t inent  to this point. 

Exper imental  
Apparatus.--The ppde employed in the cyclic volt-  

ammetric  experiments  was a Beckman pla t inum but -  
ton electrode with an area of 80 mm 2. The reference 
electrode employed in the polarographic and cyclic 
vol tammetry  experiments,  an aqueous saturated calo- 
mel  electrode, made contact with the solution through 
an agar plug behind a Pyrex  frit. Water  leakage 
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through  this t ip was found to be negligible.  The  cyclic 
vo l tammetr ic  da ta  were  recorded on a B o l t - B a r n a k -  
Newman X - Y  P lo t t e r  using a Wenk ing  potent ios ta t  
and exact  wave  form source for potent ia l  var ia t ion  and 
control.  The po la rograms  were  recorded  wi th  a Beck-  
man  Electroscan 30 e lec t roanaly t ica l  system. 

A Tascussel Elec t ronique  Bipotentiostat ,  Model Bi -  
pad  2, was used for al l  RRDE exper iments .  A Digitec 
digi ta l  vol tmeter ,  Model  204, and a Fa i rch i ld  digi ta l  
mul t imeter ,  Model  7050, were  used to measure  the  
s t eady-s ta te  r ing and disk currents  s imultaneously.  A 
Wave tek  function genera to r  p rovided  a d-c  potent ia l  
r amp  for vo l tammetr ic  exper iments  recorded on a 
Mosley Model  2D-2 X - Y  recorder .  The p la t inum-Tef lon  
ro ta t ing  r ing -d i sk  electrode,  having a disk radius  ( r l )  
of 0.187 cm and inner  (r2) and outer  (r3) r ing  radi i  
of 0.200 and 0.332 cm, respect ively,  was const ructed 
by  Pine Ins t rument  Company,  Grove  Ci ty  Pennsy l -  
vania.  The m a x i m u m  collection efficiency, N, for the  
RRDE used in these exper iments  was 0.555 (20). The 
reference  e lect rode was a s i lver  wi re  spiral .  

Chemicals.--Spectroquality DMF containing a p -  
p rox ima te ly  0.03% wa te r  was obta ined  from Eas tman 
Organic Chemicals.  The solvent  was vacuum dis t i l led 
from anhydrous  CuSO4 before  use. Hydroquinone  was 
obta ined from J. T. Baker  Chemical  Company and was 
recrys ta l l ized  f rom a 50% w a t e r - e t h y l e t h e r  solution. 
Al l  n i t roa lkenes  were  synthesized by  the method  of 
Hass, Susie, and Heider  (21). The compound PNP 
exh ib i t ed  a mel t ing  point  of 64~ af ter  severa l  r e -  
crysta l l izat ions  from absolute  ethanol .  
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The Electrocapillary Phenomena 
at the Lead Electrode 

Ikram Morcos* 
Hydro-Quebec Institute of Research, Varennes, Quebec, Canada 

ABSTRACT 

The e lec t rocap i l l a ry  phenomena  was s tudied  on the lead  e lect rode b y  the 
method of meniscus r ise in Na2SO4 solutions. The potent ia l  and  concentra t ion 
dependence  of meniscus rise at potent ia ls  a p p r o x i m a t e l y  cathodic to the  pzc 
suggest  tha t  the  e lec t rode  is polarizable.  A sharp  increase in the  in te r rac ia l  
tension at  --1.1V is a t t r ibu ted  to anion adsorpt ion.  Charge  dens i ty  and differ-  
ent ia l  capaci ty  values  are  ca lcula ted  f rom the  meniscus r ise da ta  for  0.01M 
Na~SO4 solution, and are  compared  to the resul ts  of e lec t rocap i l l a ry  and ca-  
pac i ty  measurements  on both me rc u ry  and lead  electrodes,  respect ively.  A 
reduct ion in the  increase  of meniscus r ise wi th  potent ia l  s ta r t ing  at  about  
--1.55V with  1M Na2SO4 suggests the  occurrence of cat ion specific adsorpt ion.  

An  adequate  unders tand ing  of the  e lectrochemical  
ac t iv i ty  of  solid electrodes requires  a be t t e r  knowledge  
than  is p resen t ly  avai lab le  of the e lec t rode /e lec t ro ly te  
interface.  The meniscus r ise technique has been  shown 
(1-10) to be va luable  in previous studies of the in t e r -  

* Elec t rochemica l  Socie ty  Act ive  Member. 
Key words: electrocapillary phenomena, l ead  electrode,  meniscus 

rise, interfacial tension, double l ayer .  

facial  tension at  solid electrodes.  An  extens ive  appl i -  
cation of this technique to var ious  systems is the re fore  
desirable.  

The deve lopment  of the  meniscus rise technique,  and  
hence that  of the  in ter rac ia l  phenomena  at  solid elec-  
trodes, requires,  besides the  examina t ion  of different  
systems, some comprehensive  measurements  on a g iven 
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