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The polarographic behaviour of the title compound in buffer solution ofpH 
2-12 is discussed. The two observed waves in alkaline media (pH >~ 9.5) are 
assigned to the formation of hydrazo and the bishydrazo derivatives, whereas 
in acid solutions the reduction leads to cleavage of both two azo groups. The 
nature of the waves is investigated and a general mechanism for the reduction 
process in alkaline and acid media is suggested. The values of the kinetic 
parameters for the electrode reactions are reported. 

(Keywords: Azo compounds; Bisazo compounds; Mechanism; Polaro- 
graphy; Reduction) 

Untersuchungen an Bisazo- Verbindungen I. Polarographisches Verhalten yon 1- 
[4- (4-~/atriumsulfonato-phenylazo)-3-natriumsulfonato-phenylazo]-2-naphthol 

in L6sungen mit verschiedenem pH an der tropfenden Quecksilber-Elektrode 

Es wird das polarographische Verhalten der Titelverbindung in Pufferl6- 
sungen vom pH 2--12 diskutiert. Die zwei im alkalischen Bereich (pH >/9,5) 
beobachteten Wgllen werden der Bildung der Hydrazo- bzw. Bishydrazo- 
Derivate zugeordnet, im sauren Bereich fiihrt die Reduktion zur Spaltung 
beider Azo-Gruppen. Die Natur der Wellen wird untersucht, und ein genereiler 
Mechanismus ffir die Reduktion im alkalischen und sauren Bereich wird 
vorgeschlagen. Die kinetischen Parameter der Elektrodenreaktionen werden 
angegeben. 

Introduction 

The polarographic behaviour of azo compounds was studied by 
various authors in the past 1 16. Very little work has been carried out 
describing the polarographie behaviour of azo compounds substituted 
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with reducible groups s, 11 13, 15. The present  invest igat ion is devoted  to 
a s tudy  of  this type  with vary ing  p H  in order to th row light on the  
mechanism of the electrode process of bisazo compounds .  The kinetic 
parameters  of the electrode reactions are de termined  and discussed. 

Experimental 
Solution of the Bisazo compound 

SOaNa OH 
\ \ 

NaO3S--.~O )--l~q = N ~ N  ----- N < O }  

A 0.01M solution of 1-[4-(4-Sodiumsulfonato-phenylazo)-3-sodium- 
sulfonato-phenylazo]-2-naphthol (1 ; supplied by Bidench, W. S. ; BDH grade) 
was prepared by dissolving the accurate weight of the solid in twice- 
distilled water. From this stock solution other lower concentrations were ob- 
tained by appropriate dilution. 

Supporting electrolytes 

The modified universal buffer series of Britton and Robinson (pH 2-12) was 
prepared as given by Britton. The pH was checked using a Radiometer pH 
meter, Model 28, accurate to _+ 0.05 unit. 

Worlcing procedure and apparatu8 

The experimental technique and the electrolysis cell were as previously 
described 17. The polarograph was a Radiometer P 03. The capillary character- 
istics were m = 2.11 rag/s, t = 4.09s at a heigh 45cm Hg. 

Results 
The polarograms of  Fig. 1 represent  the polarographic  reduct ion  of  1 

at  different pH ranging  f rom 2-12. All of  these curves consist of  two 
waves, represent ing the reduct ion  of  the  two electroactives centers, 
which are the  two azo groups. The height  of  the first wave  in acid 
solutions (pH ~< 6) retaines its height,  whereas the  height  of  the  second 
wave progressively increases. I n  alkaline solutions the height  of  the  
first wave  a t ta ins  a height  (pH = 11) t h a t  is pract ica l ly  equal  of  the  
second wave.  The tota l  height  of  the po la rogram decreases t remen-  
dously with increasing pH till it a t ta ins  in alkaline solutions a lmost  hal f  
its height  in acid media  (Fig. 2), whereas at  in termedia te  p H  the wave  
lies between the two values. Thus,  it can be concluded t h a t  the  
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Fig. 1. Pol~rogr~ms of inn  I in universM buffer solutions of different, pH. 
s) 2.0; b) 3.0; c) 4.0; d) 5,0; e) 6.0; f) 7.0; g) 8.0; h) 9.0; i) 10.0; 

j) ll.o; k) l l .8 
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Fig. 2. Effect of pH on the limiting current (il) for the total polarogram 

electrons involved in the electrode react ion ill acid media are double  
those consumed in the alkaline side. Also, lowering the pH of the  
solutions causes bo th  waves  to shift towards  less negat ive  potent ia ls  
and s imul taneous  rise of the  polarogram.  



142 Y.M. Temerk: 

Discussion 

Mercury Pressure 

The effect of mercury, pressure on the limiting current in buffer 
solutions o f p H  3.0 and 11.0 indicates tha t  the values of the exponent x 
in the relation (iz = K h  ~) are 0.40 and 0.50 for the first wave; whereas 
for the second wave these amount  to 0.55 and 0.85. Thus, the reduction 
process is essentially diffusion controlled with a kinetic contribution 
along the first wave at p H  3.0 and adsorption component along the 
second wave at p H  11.0. 

Reversibility of the Waves 

Analysis of the waves was carried out by applying the fundamental  
equation for polarographic waves: 

0.059 
E = l o g i / i a - - i  (at 25 ~ 

n 

The plots for the first waves are straight lines at p H  3.0 and 11.0 with 
slopes amounting to 0.044 and 0.045 respectively. The second wave 
yields also straight lines at  the same p H  with slopes equal to 0.055 and 
0.044. These data indicate irreversibility of the reduction process in the 
light of the fact that  the total reduction current corresponds to eight 

Table 1. Data obtained for 1 at the mercury electrode at 25 ~ 

Wave Slope = 0.059/c~ n a c~ pH range A E/A pH ZH§ (n a = 2 )  

n a = 1 n a = 2 

1st 0.044 at pH 3.0 1.34 0.67 2-10 0.080 1.82 
0.045 at pH 11.0 1.32 0 . 6 6  10-11.8 0.039 0.87 

2nd 0.051 at pH 3.0 1.12 0.56 2-9 0.085 1.80 
0.045at pH 11.0 1.32 0.66 9 11.8 0.045 1.01 

electrons in acid solutions (two azo groups) and four in alkaline ones. 
On applying the equation for irreversible waves 

E/log i (is - -  i) = 0.059/~ na 

The values of the transfer coefficient (~) obtained are less than unity, 
confirming the irreversible nature of the waves (Table 1). The most 
probable ~ values are obtained for na = 2 for the first or the second 
w a v e .  
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Et--TH Relation 

The plot of Et of the first and second waves versus pH yields broken 
lines covering the pH ranges 2 9.5 and pH 9.5-11.8 as shown in Fig. 3. 
This trend indicates some changes either in the reduction mechanism or 
in the species formed in these buffer solutions. Tile slopes of E ~ H  
curves for the first section (pH range 2-9.5) for the first and second 
waves were used in the relation for irreversible waves: 

A E~ ~ ApH = (O.059/~na) ZH+ 

I t  seems that  the number of hydrogen ions ZH+ = 2, the number of 
electrons na = 2 (i.e., ZH+/n a = 2:2) whereas the most probable transfer 

_1.0 
b 

_0 .8  

"~ 0.6 

uJ _0.4 

_0.2 

3.0 5.0 7.0 9.0 11.0 13.0 
pH 

Fig. 3. Effect of pH on E,~: a) first wave; b) second wave 

coefficient ~ = 0.67 or 0.56 (obtained from the analysis of the waves). 
For  the second section (pH > 9.5) ZH+ = 1, na = 2 and ~ =0.66 (i.e. 
ZH+/n a = 1:2). This shows that  the variation of the slope of E ~ H  
curves may be attr ibuted to changes in the number of H+ ions for both 
reduction eentres. 

The Electrode Reaction 

The reduction of l in buffer solutions of pH > 9.5 elucidated two 
waves of equal heights indicating that  the same number of electrons 
participate in the two electrode reactions. The number of electrons n, 
involved in the reduction of these waves was established by comparing 
the limiting current of both waves with those of monoazo-compounds of 
known n-values t4. 4-hydroxy-azobenzene for example is reduced in a 
single wave involving the transfer of two electrons per molecule. The 
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wave  he igh t  of  th is  m o n o a z o - c o m p o u n d  was found  to be n e a r l y  ha l f  the  
t o t a l  he igh t  of  an  equa l ly  concen t r a t ed  so lu t ion  of  b i s a z o - c o m p o u n d  
unde r  iden t i ca l  condi t ions .  Thus  i t  can be conc luded  t h a t  each  of  the  
two r educ t i on  waves  of  the  b i s azo -compound  invo lves  the  t r ans fe r  of  
two e lec t rons  and  two p ro tons  pe r  molecule  and  b o t h  azo g roups  are  
r educed  to  t he  co r re spond ing  b i s - h y d r a z o - d e r i v a t i v e :  

F i r s t  wave  
R1--N = N - - R - - N  = N~-R2 + 2 H § + 2 e- -~ R 1 - - N H - - N H - - R - - N  = N - - R  2 

Second wave  

R 1 - - N H - - N H - - R - - N  = N - - R  2 + 2 H~ + 
+ 2 e- -~ R 1 - - N H - - N H - - R - - N H - - N H - - / ~  

R 1 ~ N a 0 8 S ~  

SOaNa O i l  

The  A Ei/ApH r e l a t ion  of the  f i rs t  and  second wave  (Fig. 3) w i th in  the  
h igher  pH range  9.5-11.8 ind ica tes  t h a t  the  n u m b e r  of  p r o t o n s  Z~§ 
equa l  one in the  r a t e  d e t e r m i n i n g  s t ep  and  the  e lec t rode  r eac t ion  is 
governed  by  b o t h  the  r a t e  of  e lec t ron  and  p r o t o n  t ransfer .  A c c o r d i n g l y  
a n y  one of  t he  reac t ions  g iven  a b o v e  m a y  be t a k e  p lace  in some s teps  
each co r re spond ing  to  one e lec t ron  or  one p r o t o n :  

E1 
N = N - - R  N = N - -  + e-o - - N  = N-  R - - N - - N - -  

H 
I 

- - N  = N - - R - - N - - N - -  + H + ~ - - N  = N - - R - - N - - N - -  
(acid-base equilibrium, pH dependent) 

H H 
l E~ t 

N = N - - R - - N - - N - -  + e- -* - - N  = N - - R - - N - - N - -  

H H I t  
I f I 

- - N  = N - - R - - N - - N - -  + H + Z - - N  = N - - R - - N - - N - -  
(acid-base equilibrium, pH dependent). 

I n  buffer  ac id  so lu t ion  the  r educ t ion  cu r ren t  is a l m o s t  twice  t h a t  of  t he  
l imi t ing  va lue  in a lka l ine  solut ion,  i nd i ca t i ng  a change  in the  
mechan i sm of  r educ t ion .  B o t h  waves  t o g e t h e r  invo lve  the  t r ans fe r  of  8 
e lec t rons  and  8 p ro tons  pe r  depo la r i ze r  molecule.  The  he igh t  of  t he  f i rs t  
wave  was equa l  in all  buffer  so lu t ions  and  co r r e spond ing  wi th  two  
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electrons per molecule. Whereas  the  second wave in acid buffer 

solut ions  a t t a in s  a l imi t ing  height  which is three t imes t h a t  of the first 

-wave. This indicates  the t ransfer  of 6 electrons per molecule along the 
second w a v e ' i n  acid solut ions and  the reduc t ion  process occurs in a 
succession of acts  invo lv ing  most  p robab ly  the  t ransfer  of pairs  of 
electrons and  pro tons  a t  one t ime. A suppor t  of this  a s sumpt ion  is 
gained from the  E~--pH curves which indica te  t h a t  the  rate-  

de t e rmin ing  step involves  two electrons and  2 H + ions in acid solut ion.  

Reduc t i on  in acid solut ion leads to the fo rmat ion  of ~-naphthyl -  
amine,  sodium su lphan i la te  and  2-sodium su lphona te -p-phenylene-  
diamine.  

first wave  

R1--N = N - - R - - N  = N - - R  2 + 2 H + + 2 e- ~ R 1 - - N H - - N H - - R - - N  = N- -R  2 

second wave 

R 1 - - N H - - N H - - R - - N  = N - - R  z + 6 H + + 6 e -* R1--NH~ + H2N--R--NH 2 + 

+ / ~ - - N H 2  

Kinetic Parameters of the Electrode 

The kinet ic  pa ramete r s  of the electrode reac t ion  along the  first and  
second waves were calcula ted using the  Koutecky equa t ion  ts. Tables  1 
and  2 include represen ta t ive  values  for ~, Ko, A G* a nd  K D- t .  The 

Table 2. Results obtained for 1 in universal buffer solutions at 25 ~ 

pH Wave iz E=, D O x 10 -6 Ko h G O KoD-~ 
[~ A] IV] [em2/sec] [cm/see] [keal/mol] [s-~] 

3.0 1st 3.3 --0.07 1.70 a 9.3 • 10 -12 93.19 7.1 • 10 -9 
2nd 9.6 --0.23 1.61 b 1.81 x 10-15 114.7 1.43 • 10 -12 

11.0 1st 4.1 --0.63 2.63 a 1.46 • 10-22 155.6 9.9 • 10 -~0 
2nd 4.3 - -0 .89 2.90 a 9.8 x 10-28 174.0 7.6 • 10 2a 

a n = 2 .  
b 

n = 6 :  

various pa ramete r s  ind ica te  t h a t  the  process of reduc t ion  along the first 
and  second waves is irreversible.  This  is shown by  the  fact  t h a t  the 
va lue  of ~ is less t h a n  u n i t y  when  the  rate  de t e rmin ing  step involves  the 
up take  of two electrons. The values  of K D - t  are less t h a n  0.05 s-t ,  

10 Monatshefte ffir Chemie, Vol. 110/1 
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indicating the reduction process is controlled by the rate  of electron 
transfer. The energy of act ivat ion generally increases with increasing 
p H  denoting tha t  the reduction process becomes more difficult at  
higher pH.  Also the values of the rate  constant  decreases with rise of 
p H  which is an indication for increased irreversibility at  higher pH.  
This can be ascribed to the slow protonat ion of the intermediate  free 
radical formed, 

e 
1o.o ( C 
8.0 ~ o . j l b ~  d ~" 6.o 

' ~  ~,.0 a 
2.0 

0.2 0.4 0.6 0.8 1.0 1.2 
m M (Concentration) 

Fig. 4. Effect of concentration on the limiting current : first wave at pH 8.0 (a), 
pH 11.0 (b); second wave at ptI  8.0 (e), pit  11.0 (d); total current at pH 8.0 (e), 

pH 11.0 (f) 

Analytical Applications 

To test  the val idi ty of the Ilkovic equation and accordingly the 
applicability of the polarographic method for the determinat ion of the 
bisazo-compound under investigation, the values of the limiting 
current for the first and second waves, and also for the total  current  at  
pH8 .0  and 11.0 are plotted against  the concentration of the organic 
compound. Satisfactory linear relations (Fig. 4) are obtained. Bet ter  
linearity is observed when the net heights of the first and second waves 
are used. The constancy of ia/c values indicates the val idi ty of the 
polarographie method for the determinat ion of the depolarizer. 
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