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A study has been made of the polarographic behaviour of genotoxic 1-[4'-(phenylazo)pheny1]-3,3-dimethyl- 
triazene in mixed water-methanol medium. A mechanism has been proposed for its polarographic 
reduction and optimal conditions have been found for its determination by tast polarography in the 
concentration range 1 . lo4 - 2 . loa mol 1-' and using differential pulse polarography in the concentra- 
tion range 1 . lo-* - 2 . lo-' mol I-'. 

The derivatives of l-phenyl-3,3-dimethyltriazene are genotoxic substances1 and a 
number of them are simultaneously carcino~tat ics~~~.  Thus, there is a need for sensitive 
analytical methods for the determination of trace amounts of these substances. Because 
of the ready reducibility of triazenes4, modem polarographic methods would seem 
suitable for this purpose; these methods have been found useful, e.g., for the determi- 
nation of trace amounts of pharmaceutically important carboxyl amide derivatives of 
1-phenyl-3,3-dirnethyltria~ene~ - '. A number of other works dealing with the mecha- 
nism or analytical utilization of the polarographic reduction of various types of tria- 
zenes can be found in the monograph4 or in ref.6. 

This work describes the polarographic behaviour of 1-[4'-(phenylazo)phenyl]-3,3- 
dimethyltriazene (see I, Q. (A)), which contains two polarographically active groups 
(azo and triazene) in thep-position of the central aromatic ring, permitting their electro- 
nic interaction. The mechanism of the polarographic reduction of the azo group, which 
is described in detail, e.g. in monographs' - lo, can be strongly affected by this inte- 
raction. Consequently, a study was made of the effect of the pH on the behaviour of the 
test substance in tast polarography and differential pulse polarography (DPP) at a 
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classical dropping mercury electrode @ME) and in cyclic voltammetry at a hanging 
mercury drop electrode. In addition, potentiostatic coulometry at a large-area mercury 
electrode was employed to determine the number of electrons exchanged. The 
reduction of the test substances during potentiostatic coulometry was followed using 
tast polarography, spectrophotometry in the UV and visible regions and high 
performance liquid chromatography with electrochemical detection. The information 
obtained was employed to determine the optimal conditions for the polarographic 
determination of 1-[4'-(phenylazo)pheny1]-3,3-dimethyltriazene. The experiments were 
carried out in mixed Britton-Robinson buffer-methanol medium (1 : l), to ensure suffi- 
cient solubility of the test substance. 

EXPERIMENTAL 

Reagents 

T h e  stock solution of 1-[4'-(phenylazo)phenyl]-3,3dirnethyltriazene in methanol (c  = 1 . mol I-') was 
prepared by dissolving an exactly weighed amount of the substance (Research Institute of Organic Synthe- 
sis, Pardubice-Rybitvi) in p.a. solvent. The purity of the substances used was controlled by paper and thin- 
layer chromatography and by measuring the spectra of a methanol solution in the W and visible regions". 
More dilute solutions were prepared by exact dilution of the stock solution. All the solutions were stored 
in the dark. It followed from a spectrophotometric study of the stability of these solutions that the solution 
with a concentration of 1 . rnol I-' every week, 
and 1 . lo-' mol I-' or 1 . lo4 mol I-' daily. The other chemicals employed were of p.a. purity (Lachema, 
Brno). Water was doubly distilled in a quartz apparatus. 

mol I-' must be prepared fresh once a month, 1 . 

Apparatus 

A polarographic analyzer PA 4 was used with an XY 4105 r m d e r  (Laboratorni piistroje, Praha). Work 
was carried out in a three-electrode system using a classical dropping mercury electrode, saturated calomel 
reference electrode and platinum wire auxiliary electrode. All the potential values are referred to the satu- 
rated calomel electrode. At a mercury reservoir height of h = 49 cm, the flow rate was m = 0.967 mg s-' 
and the drop time was t = 6.5 s (at an applied voltage of 0 V in 0.1M-KCI). Where not stated otherwise, 
work with the DME was carried out at a polarization rate of 5 mV s-', controlled drop time of 1 s, mercu- 
ry reservoir height of 49 cm and modulation amplitude in differential pulse polarography of -100 mV. 
Oxygen was removed from the polarographic solution by bubbling for ten minutes with nitrogen, which 
was purified by passing through a solution of chromium(I1) ions in dilute hydrochloric acid over zinc 
amalgam. A prebuhbler containing a water-methanol mixture in the same ratio as  the polarographed solu- 
tion was placed prior to the polarographic vessel. 

The coulometric and spectrophotometric measurements and cyclic voltammetry were carried out using 
the instrument described in ref.12. 

?be HPLC measurements were carried using a HPP 5001 pump, ICI 30 injector with a 3 pl loop, ADLC 2 
amperometric detector combined with a voltammetric detector with a carbon fibre13 and a TZ 4200 linear 
recorder (all from Laboratorni pfistroje, Praha). 

The acidity of the solution was measured using a PHM 62 instrument (Radiometer, ,Copenhagen) with 
glass and saturated calomel electrodes. 

All the measurements were carried out at laboratory temperature. 
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Procedures 

The calibration curves were always measured in triplicate and evaluated by the least squares linear 
regression method. The determination limit was calculated as ten times the standard deviation for the 
determination of the analyte with a concentration corresponding to the lowest point on the given calibra- 
tion 

The procedure for the determination of the number of electrons exchanged using potentiostatic coulo- 
metry at a large-area mercury electrode was analogous to that employed pre~iously'~, with the difference 
that 50 ml of Britton-Robinson buffer with the given pH and 40 ml of methanol were transferred to the 
coulometric vessel; after pre-electrolysis at a selected constant potential, 10.00 ml of solution of 1-[4'- 
(phenylazo)phenyl]-3,3-dimethyltriazene (c = 1 . 

The progress of the coulometric reduction was studied at set time intervals using tast polarography and 
spectrophotometry by removing 10 ml of solution from the coulometric vessel using an injection syringe 
through a septum; this solution was transferred to a cuvette or polarographic vessel rinsed with nitrogen 
and also closed by a septum and the tast polarogram or spectrum in the W and visible regions was 
recorded. (This procedure was designed to prevent oxidation of the products of the coulometric reduction 
by atmospheric oxygen.) 

The coulometric reduction was studied by HPLC with electrochemical detection using an ODS 18 
column, 10 pm with a length of 15 cm and internal diameter of 3.4 mm (Tessek, Praha) with a mobile 
phase methanol (40% (v/v))-aqueous solution of 0.1 mol I-' sodium acetate (60% (v/v)), pH 3.6 at a flow 
rate of 0.3 ml min-'. An amount of 3 ~1 of solution was injected after the coulometric reduction and the 
potential of the working electrode was adjusted to t1.2 V. 

mol I-') in methanol were added. 

RESULTS AND DISCUSSION 

Study of the Mechanism of the Polarographic Reduction of 1 -[4'-(Pheny1azo)- 
phenyl]-3,3-dimethyltriazene 

Tast polarography. It can be seen from Table I that the test substance yields one to 
three waves in dependence on the pH. The first wave is analytically most useful as it is 
best developed and its height does not change in the pH range 4 - 13. The half-wave 
potential varies with the pH in the range 4 - 13 according to the relationship E b  (mV) 
= -36 - 58.4 pH. The height of this wave for pH 4 - 13 is the same as that of the wave 
of azobenzene measured under the same conditions, in accordance with the results of 
the potentiostatic coulometry, indicating the exchange of two electrons. The slope of 
the logarithmic analysis equalled 40 - 50 mV, so that it can be assumed that the studied 
process is not completely reversible. The height of this wave increases in acid medium 
at pH c 2, achieved using a mixture of perchloric acid with methanol in a ratio of 1 : 1, 
indicating that a reaction involving exchange of four electrons begins to become 
important. At pH < 5,  a further wave can be observed on the polarograms, somewhat 
lower than the first wave; its drawn out character indicates an  irreversible process. At 
pH > 5, this wave coalesces with the third wave. The height of the third wave is also 
difficult to measure in the range pH 1 - 5 as the limiting current of the second pola- 
rographic wave is not parallel with the potential axis. The overall value of the limiting 
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current of the third wave measured against the curve for the base electrolyte remains 
approximately constant at pH 1 - 7 and corresponds to approximately four times the 
limiting current of the first wave in the region pH 4 - 13. In the alkaline region, the 
limiting current of the third wave decreases with increasing pH and the limiting current 
also greatly decreases at very negative potentials (about -1.6 V) (see Fig. 1). As the pH 
increases, the potential at which this decrease begins to appear is shifted to more posi- 
tive potentials, the length of the limiting current plateau decreases and the wave 
gradually assumes the shape of a broad peak, whose height decreases with increasing 
pH. At pH > 13, the third wave has completely disappeared. The variation of the half- 
wave potential of the third wave with pH in the range pH 3 - 13 is given by the 
equation E& (mv) = -814 - 45.6 pH. The slope of the logarithmic analysis is appro- 
ximately 60 V for pH 8 - 10. At lower pH values, the slope of the logarithmic analysis 
varies between 90 and 150 mV, connected with the coalescence of the second and third 
waves at pH 6 - 8 and the very drawn-out shape of the third wave at pH c 6. In contrast 

TABLE I 
The effect of the pH on the tast polarographic behaviour of 1-[4'-(pbenylazo)phenyl]-3,3dimethyltriazene 
(c = 1 . mol I-') in mixed Britton-Robinson buffer-methanol medium (1 : 1) 

3 
Em1 IIim Em2 4 i m  E~~~ 4 i m  
mV PA mV PA mV PA 

2 1 

P f l  

~ ~~ ~~ 

0 s b  -100" 0.50 -4d 0 . d  -775' 0.3d 
1.2c -looL 0.36 -4d 0.16 -848 0.36 
1.7' - 140' 0.34 -535' 0 . ld  -926 0.36 
2.7 -155. 0.35' -ssd 0.16 -946 0.46 
4.2 -260 0.24 -645' 0.15' -1 old 0.46 
4.8 -315 0.24 -7251 0.15' -1 osd 0.48 
5.7 -370 0.23 4 4 -1 a25 0.83 
6.9 -450 0.23 -8 4 -1 125 0.80 
7.9 -500 0.23 4 4 -1 180 0.55 
8.6 -540 0.22 4 4 -1 215 0.49 
9.7 -600 0.24 4 4 -1 270 0.51 

10.1 -630 0.22 4 4 -1 285 0.46 
10.7 -700 0.24 J 4 -1 320 0.20 
11.8 -730 0.24 -8 4 -1 325 0.06 
13.4 -785 0.24 4 -8 - - h h 

Final pH of the mixture of the buffer or perchloric acid with methanol. Achieved using ZM-HCIO,. 
Achieved using 0.2M-HC104. dAchieved using 0.02td-HC1O4. ' Approximate values because of the drawn- 

out wave, with a shape corresponding to the coalescence of two poorly distinguishable waves. ' Approx- 
imate values because of the difficult evaluation of the very drawn-out strongly irreversible wave. The 2nd 
and 3rd waves coalem. ' The more negative wave completely disappears. 

Collect Czech. Chem. Comun.  (Vol. 57) (1892) 



2252 Barek, Dkvinkovh, Zima, Fogg: 

to the carboxyl amido derivative l-phenyl-3,3-dimethyItriazene, studied in earlier 
w0rks~3~, the height of the observed waves practically did not change over 60 min after 
preparation of the solutions in the studied pH range. It follows that the azo group in the 
p-position relative to the triazene group greatly increases its resistance to acid-cata- 
lyzed hydrolysis. It follows from the measured dependence of the wave height on the 
square root of the height of the mercury reservoir in DC polarography that the heights 
of all the observed waves a t  pH 4.0, 8.2 and 9.4 are diffusion-controlled. However, the 
dependence of the current values on the square root of the mercury reservoir height for 
the region of current decrease on the plateau of the third wave does not pass through 
the origin, indicating mixed diffusion-kinetic control. In the region of the minimum, the 
current value is practically independent of the mercury reservoir height, indicating that 
kinetic control of the observed current is predominant. 

It can be assumed that the substance adsorbed on the electrode surface undergoes 
preliminary protonation and that the observed decrease in the limiting current in the 
region around -1.6 V at pH > 7 is connected with the decreased rate of surface proto- 
nation as a consequence of desorption of the test substances at potentials that are far 
more negative than the potential of the electrocapillary zero. 

Constant potential coulometry. Potentiostatic coulometry at a large-area mercury 
electrode a t  pH 13.4 and a constant potential of -1.00 V yielded a value of n = 2.0 for 
the number of exchanged electrons. The spectrophotometric study of the coulometric 
reduction in this medium (Fig. 2a) revealed that the absorption band at about 380 nm 
disappeared; this band can be attributed to the azo group in conjugation with the tria- 
zene group. On the other hand, a new band was formed at about 310 nm and can be 
attributed to the hydrazo group. The band at about 340 nm probably corresponds to the 
triazene group and apparently coalesces with the band of the azo group in the spectrum 
of 1-[4'@henylazo)phenyI]-3,3-dimethyItriazene as a consequence of the bathochromic 
shift connected with conjugation of the azo and triazene groups. If the solution is left to 
stand in the presence of atmospheric oxygen after completion of the coulometric 
reaction, the band corresponding to the azo group reappears in the spectrum. It follows 

0 -0d 

FIG. 1 
Tast polarograms of 1-[4'-(phenylazo)phenyl]- 
3,3-dimethyltriazene (c = 1 . mol I-') in 
mixed Britton-Robinson buffer-methanol medium 
(1 : 1) at pH 2.7 (7), 4.8 (2), 6.9 (3), 7.9 (4, 
8.6 (9, 10.1 (6) and 13.4 (7) 
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from a study of the coulometric reduction by tast polarography (Fig. 2 4  that an  anodi- 
cally oxidizable substance is formed in this medium, and constitutes an almost revers- 
ible pair with the initial substance. The total height of the cathodic, cathodic-anodic or 
anodic wave remains constant during the coulometric experiment, indicating identity of 
the diffusion coefficients of the oxidized and reduced forms and the quantitativeness of 
the reaction. The half-wave potential of the cathodic wave is about 25 mV more nega- 
tive than the half-wave potential of the anodic wave, i.e. the pair is not completely 
reversible. If the solution is allowed to stand in the air after completion of the coulo- 
metric reduction (curve 6 in Fig. 24, then the cathodic wave reappears, with a height 
and position corresponding to that of the original cathodic wave of 1-[4’-(phenyl- 
azo)phenyl]-3,3-dimethyltriazene. In addition, a new cathodic wave appears at a 
potential of about -1.2 V. The oxidation of the product of the coulometric reduction by 
atmospheric oxygen does not lead only to regeneration of the original substance, but 
apparently also to the formation of a mixture of further polarographically active 
substances. 

It follows from the above observations that, in alkaline medium, the test substance 
undergoes quasireversible reduction according to equation (A). 

In medium with pH 8.0 and constant potential of -0.70 V, a value of n = 2.70 was 
found for the number of exchanged electrons. It follows from the spectrophotometric 
study of the reduction (Fig. 2b) that the absorption band at 380 nm corresponding to the 
azo group disappears. Similarly, the absorption band at about 340 nm attributed to the 
triazene group, which appeared during the coulometric reduction, has practically 
disappeared by the end of the reduction. Only the absorption band at about 240 nm 
corresponding to the aromatic nucleus and that at 290 nm, which can be assigned to the 
hydrazo group in the aromatic ring, remain in the spectrum. Similarly, the tast pola- 
rographic study of the coulometric reduction (Fig. 2e) indicated that an anodically 
oxidizable product is formed (probably a hydrazo compound). Simultaneously, the 
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more negative wave, with a half-wave potential far more negative than that at which the 
coulometric reduction was carried out, disappears. It is thus apparent that the coulo- 
metric reduction involves interaction of the azo and triazene groups. It is possible that 
the triazene group is decomposed after the azo group is reduced to the hydrazo group, 
so that the stabilizing effect connected with the conjugation of the azo and triazene 
groups is no longer present. This assumption would also explain the observed fact that 
the triazene group disappears only after the wave of the azo group practically 
disappears. It should be realized that the time required for the coulometric reduction is 
of the order of tens of minutes, so that even relatively slow decomposition of the tria- 
zene group can be important. This concept is also supported by the fact that, if the 
coulometric reduction at -0.70 V is followed by a change in the potential to -1.35 V, 
then a total value of n = 4.6 is obtained, i.e. much lower than when the coulometric 
reduction is camed out directly a t  a value of -1.35 V (see below). The decomposition 
of the triazene group also explains the fact that the oxidation of the products of the 
coulometric reduction at pH 13.4 with atmospheric oxygen does not involve rege- 
neration of only the initial substance, but also of additional polarographically active 
compounds. Reoxidation of the products of the coulometric reduction by atmospheric 
oxygen also occurs at pH 8, but is much slower. 

The determined value n = 2.7 at the potential corresponding to the limiting current of 
the two-electron reduction of the azo group to the hydrazo group can be connected with 
the tautomeric rearrangement of the hydrazo compound formed according to Eq. (B), as 
the am compound formed (11. would apparently also be reduced at a potential of -0.70 V. 

The nonquantitativeness of the tautomeric rearrangement connected with the assu- 
med decomposition of the intermediate (14 leads to the determination of an expe- 
rimental value smaller than 4. 

A value of n = 8.78 was found at a constant potential of -1.35 V in medium with pH 
8. The spectrophotometric study of the coulometric reduction (Fig. 2c) revealed that the 
band corresponding to the azo and triazene groups disappeared. The absorption bands 
at 240 and 285 nm, visible even after completion of the reduction, can be assigned to 
the aromatic amine or hydrazine. It follows from the tast polarographic study of the 
reaction (Fig. 29 that the azo and triazene groups are simultaneously electrochemically 
reduced with formation of an anodically oxidizable product (probably a hydrazo 
compound or p-phenylene diamine). However, if the potential is changed to -1.35 V 
after completion of the electrolysis at -0.70 V, a value of n = 4.6 is found, confirming 
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FIG. 2 
Spectrophotometric ( a  - C) and tast polarographic (d - f j  study of the coulometric reduction of 1-[4'- 
(phenylazo)phenyl)-3,3-dimethyltriazene (c = 1 . lo4 mol I-') at a constant potential of -1.00 V (a, d), 
-0.70 V (b,  e) and -1.35 V (c, f j  vs SCE in mixed Britton-Robinson buffer-methanol medium (1 : 1) at 
pH 13.4 (a, d) and 8.0 (b,  c, e, 0. Charge required for the reduction (calculated relative to the determined 
n value) in %: (7) 0, (z)  25, (3) 50, (4) 75, (5) 100. Curve 6 corresponds to the solution after completion 
of the coulometric reduction, left to stand for 1 h in the presence of the air. The arrow denotes the 
potential at which the coulometric reduction was carried out; the dotted line corresponds to the zero 
current position for the given curve; cuvette thickness 0.5 cm 
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that subsequent reactions occur in potentiostatic coulometry, leading to an increase in 
the number of exchanged electrons determined coulometrically. 

The exchange of more than 8 electrons per molecule of test substance could be 
explained only in terms of simultaneous four-electron reduction of the azo group and 
six-electron reduction of the triazene group according to Eq. (C). 

However, because the presence of ammonia could not be demonstrated in the 
reaction mixture using the Nessler reagent, it must be assumed that a maximum of an 
eight-electron reduction occurs according to Eq. (0) or (E). 

+ NH - NHZ 

The determined higher n value is apparently connected with the relatively high resi- 
dual current in the given medium at a potential of -1.35 V, which cannot be completely 
compensated by reduction of the background electrolyte alone prior to the addition of 
the test substance, as it can be affected by the products of the coulometric reduction 
(e.g. catalytic evolution of hydrogen in the presence of these substances). This concept 
is also supported by the fact that azobenzene demonstrably exchanges 2 electrons and 
yields a value of n = 2.43 under the same conditions at  a constant potential of -1.35 V. 

A value of n = 3.04 was found in medium with pH 2.7 at a constant potential of 
-0.30 V, where the spectrum of the solution after reduction is practically identical with 
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that obtained after coulometric reduction at -0.7 V in medium with pH 8.0. (The 
observed hypsochromic shift in the maximum of the remaining peaks by about 5 nm 
can be explained on the basis of protonation of nitrogen atoms.) It follows from the tast 
polarographic study of the coulometric reduction (Fig. 3, curves 7 and 2) that the 
heights of the 2nd and 3rd waves attributed to step-wise reduction of the triazene group 
decrease simultaneously with the reduction of the azo group. This can be explained in 
terms of acid-catalyzed decomposition of the triazene group in the absence of the stabi- 
lizing effect of the azo group. The fact that the determined n value is greater than 
would correspond to the reduction of the azo group is apparently connected with partial 
reduction of the hydrazo group to two aromatic amines according to Eq. Q. This 
concept is supported by the greater height of the first wave at pH 2.7 compared with 
that at  pH 4 - 13, and smaller height of the anodic wave after the reduction compared 
with the first cathodic wave prior to the reduction. 

A value of n = 3.87 was found at a constant potential of -0.70 V and at pH 2.7. The 
spectrum of the solution after this reduction is analogous to the spectrum of the solution 
after reduction at -0.30 V and the tast polarogram of the solution after the reduction 
(curve 3, Fig. 3) also indicates disappearance of the triazene group. The anodic wave is 
then higher than for reduction at -0.30 V, possibly connected with partial reduction of 
the triazene group according to Eq. (G), where Ar is C6H5-NH-NH-C6H4- for two- 
electron reduction of the azo group or H2N-C6H4- for four-electron reduction of this 
group. 

At a constant potential of -1.10 V in medium with pH 2.7, a value of n = 10.19 was 
found and the UV spectra and tast polarograms are similar to those obtained for 
reduction at more positive potentials. If exhaustive electrolysis is carried out at -0.70 V 
and the potential is then changed to -1.10 V, then the value found is only n = 6.42, 
once again indicating the existence of subsequent reactions. As ammonia was not found 
in the solution even under these conditions and azobenzene yielded a value of. n = 3 

Collect Czech. Cbrn. Commun. (Vol. 57) (1982) 



2258 Barek, Dkvinkovh, Zima, Fogg: 

under the same conditions, it can once again be assumed that the high value of n found 
is connected with poor compensation of the residual current. The eight-electron 
reduction according to Eqs (0) or (q once again seems more probable. 

In order to decide between these two possibilities, the solution obtained from the 
coulometric reduction at pH 2.7 at a constant potential of -1.10 V was analyzed using 
HPLC with electrochemical detection, permitting especially sensitive determination of 
aromatic amines and diaminesI6. Aniline was demonstrated to be present by the proce- 
dure described in the experimental section; the retention time of this substance under 
the given conditions is equal to 390 s. p-Phenylene diamine, with a retention time of 
234 s, is also present. Thus, it follows that the test substance is reduced according to 
Eq. Q under the given conditions. 

Cyclic voltammetry a t  a hanging mercury drop electrode. At pH 2.5, the test 
substance yields 2 peaks, the first of which (Ep = -195 mV) corresponds to the 
reduction of the azo group and the second of which (Ep = -900 mV) corresponds to the 
reduction of the triazene group (Fig. 4a). The small peak (Ep = -100 mv) prior to the 
first peak is apparently caused by adsorption of the test substance on the surface of the 
working electrode as its height is directly proportional to the polarization rate. The 
shoulder on the descending part of the second peak is probably connected with the 
stepwise mechanism of the reduction of the triazene group, which is demonstrably irre- 
versible. The anodic peak (Ep = -140 mV) apparently corresponds to oxidation of the 
hydrazo group formed. If the polarization direction is reversed at -1.30 V, then this 
peak is lower than the cathodic peak at -295 mV (a,/$ = 0.38) and would appear to 
correspond to a stepwise process, involving simultaneous oxidation of the substance 
formed by reduction of the triazene group. In contrast, when the polarization direction 
is reversed at -0.35 V, the ratio of the heights of the anodic and cathodic peaks is equal 
to $/q = 0.87 and the difference in their potentials is -q = 90 mV (see Fig. 46), 
so that the process is somewhat more, but not completely, reversible. When the cycle is 
repeated, the small peak prior to the main peak disappears and simultaneously the 

FIG. 3 
Tast polarographic curves of 1-[4’-(phenylazo)- 
phenyl]-3,3dimethyltn~ene (c = 1 . mol 1-’) in 
mixed Britton-Robinson buffer-methanol medium 
(1 : 1) at pH 2.7 prior to the reduction ( 7 )  and after 
complete reduction at constant potential of -0.30 V 
(3, -0.70V (3) and -1.10 V (4) vs SCE. The arrow 
denotes the potential at which the coulometric 
reduction was curried ou$ the dotted line corresponds 
to the zero current position for the given curve 
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maximum of this peak is shifted to more negative potential values, accompanied by a 
decrease in the $/I;  ratio (Fig. 4C), possibly connected with passivation of the electro- 
de by the products of the electrode reaction. This passivation is especially marked at 
low polarization rates, where it appears as a change in the shape of the curve in the first 
cycle (Fig. 4 4 .  The peak height is not directly proportional to either the polarization 
rate or the square root of this quantity, so that it can be assumed that this is a complex 
overall process controlled both by the diffusion of the test substance to the electrode 
surface and also by its adsorption on this surface. 

Conditions are analogous in medium with pH 10.6 (Fig. 5).  The electrode passivation 
is greater when the polarization direction is reversed in the region beyond the most 
negative peak. The anomalies observed in the region around -1.47 V are attributed to 
the adsorption-desorption phenomena. 

Only a single peak is present in medium with pH 13.3 (Fig. 6); the recording in the 
second and third cycle is completely identical with that in the first cycle. It can be 
assumed that the above-described electrode passivation is connected with processes 
occurring during the reduction of the triazene group. The fact that the potentials 
corresponding to the maxima of the cathodic and anodic peaks differ by less than 30 

TABLE 11 
The effect of the pH on the differential pulse polarograms of 1-[4'(phenylazo)phenyI]-3,3dimethyltriazene 
(c = 1 . mol 1-l) in mixed Britton-Robinson buffer-methanol medium (1 : 1) 

E; 
PH" mV 

1.0" 
2.Ob 
2.6 
4.0 
4.8 
5.7 
6.9 
8.0 
8.7 
9.8 

10.2 
11.1 
12.1 
13.4 

-15 
-60 

-110 
-220 
-275 
-340 
-410 
-460 
-515 
-600 
-630 
-680 
-700 
-745 

0.370 
0.405 
0.775 
0.735 
0.780 
0.820 
0.720 
0.745 
0.795 
0.605 
0.480 
0.525 
0.710 
0.210 

-470 
-540 
-545 
-635 
-750 
-905 

C 

c 

C 

C 

C 

c 

C 

- 
- 
- 
- 
- 
- 
- 

d - 

0.125 
0.110 
0.095 
0.230 
0.285 
0.350 

C 

C 

C 

C 

C 

C 

C 

- 
- 
- 
- 
- 
- 
- 

d - 

-840 
-900 
-910 
-990 

-1 020 
-1 035 
-1 090 
-1 150 
-1 185 
-1 250 
-1 270 
-1 265 
-1 285 

d - 

0.160 
0.215 
0.215 
0.205 
0.225 
0.375 
0.780 
0.925 
0.930 
0.850 
0.775 
0.135 
0.050 

d - 

" Achieved using O.~M-HCIO~.  * Achieved using 0.01M-HC104. 
more negative peak completely disappears. 

The 2nd and 3rd peaks coalesce. The 
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u 
P 

FIG. 4 
Cyclic voltammogram of 1-[4'-(phenylazo)- 
phenyl]-3,3-dimethyltriazene (c = 1 . mol I-') 
in mixed Britton-Robinson buffer-methanol 
medium (1 : 1) at pH 2.5 and a polarization rate 
of 50 mV s-' (a - c) and 10 mV s-'(d). The first 
cycle is depicted a s  a solid line, the second as a 
dashed line and the third a s  a dotted line. The 
cross denotes the value of the current and 
potential zero for the individual curves 

0.4 

0 

0.4 

FIG. 6 
The cyclic voltammogram of 1-[4'-(phenylazo)- 
phenyl]-3,3-dimethyltriazene (c = 1 . 10"' mol I-') 
in mixed Britton-Robinson buffer-methanol 
medium (1 : 1) at pH 13.3 and a polarization rate 
of 50 mV s-'. The first cycle is depicted as  a 
solid line and the second as a dashed line 

I 

L Y 1 
E 

FIG. 5 
Cyclic voltammogram of 1-[4'-(phenylazo)- 
phenyl]-3,3-dimethyltriazene (c = 1 . 10"' mol I-') 
in mixed Britton-Robinson buffer-methanol 
medium (1 : 1) at pH 10.6 and a polarization rate 
of 50 mV s-'. The first cycle is depicted a s  a 
solid line, the second as  a dashed line and the 
third as  a dotted line. The cross denotes the values 
of the current and potential zero for the individual 
curves 

I 

0 

FIG. I 
Differential pulse polarograms of 1-[4'-(phenyl- 
azo)phenyl]-3,3-dimethyltriazene in mixed Brit- 
ton-Robinson buffer-methanol medium (1 : 1). p H  
(7) 2.6, (2) 4.8, (3) 6.9, (4) 8.0, (5) 8.7, (6) 12.1, 
(7) 13.4 
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mV indicates that adsorption plays a substantial role in the overall process. This is also 
confirmed by the fact that the heights of the two peaks are not directly proportional to 
either the polarization rate or its square root. 

Differential pulse pofarography. It can be seen from Table 11 that the test substance 
yields 1 - 3 peaks in differential pulse polarography, in dependence on the pH value. 
The first peak, which corresponds to the reduction of the azo group, is shifted to more 
negative values with increasing pH and its height practically does not change in the 
range pH 3 - 9. The observed change in the height of this peak in the region pH 9 - 13 
is apparently connected with the effect of the pH on the reversibility of the reduction of 
the azo group. The variation of the peak potential with the pH in the range pH 1 - 11 
is given by the relationship E; (mV) = 56 - 66.6 pH; at higher pH values, the slope of 
this dependence is decreased to about 25 mV pH-'. The third peak, corresponding to 
the reduction of the triazene group, is also shifted to more negative potentials with 
increasing pH. The variation of the potential of this peak in the range pH 1 - 11 is 
given by the relationship E i  (mv) = -799 - 44.3 pH. At higher pH values, the potential 
of this peak ceases to be dependent on the pH. The dependence of the height of the 
third peak on the pH passes through a sharp maximum at pH 8 - 10. The second peak, 

TABLE 111 
Parameters of the calibration curves for the determination of 1-[4'-(phenylazo)phenyl]-3,3dimethyltriazene 
in Britton-Robinson buffer-methanol medium (1 : 1) at pH 8.0" 

C Slope Intercept 
nA Method 

mol I-' m~ mol-' I 
r LQ 

mol I-' 

Tastb (1 - 10). 10-~ 2.32 
(2 - 10). lod 2.43 

(2 - 10) . loa 4.90 

DP? (1 - 10). 10-~ 7.51 
(1 - 10) . lod 7.87 
(2 - 10) . lo-' 8.43 

DPP' (1 - lo). 10-~ 9.32 
(1 - 10) . lo6 9.82 
(2 - 10) . lo-' 10.86 

Tast' (2 - lo) 5.53 

3.5 
-1.3 

-4.1 
1.2 

18.0 
2.1 
0.2 

7.1 
4.1 
1.1 

0.9989 
0.9974 

0.9994 
0.9985 

0.9982 
0.9991 
0.9967 

0.9998 
0.9991 
0.9975 

- 
1.2. lod 

- 
0.9. lod 

- 
- 

1.4. 

- 
1.2. 

a r Correlation coefficient; LQ determination limit. 
to the reduction of the azo group. 
reduction of the triazene group. 

Determined using the first wave or peak corresponding 
Determined using the second wave or peak corresponding to the 
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whose potential also shifts to more negative values with increasing pH, is present only 
in the region pH 1 - 6 and coalesces with the third peak at higher pH values (Fig. 7). 

Analytical Utilization of the Polarographic Reduction of 1 -[4'(Phenylazo)phenyr/- 
3,3-dimethybriazene 

For analytical purposes, the highest, best developed and most easily evaluated peaks 
were obtained in a medium of Britton-Robinson buffer-methanol (1 : 1) at pH 8.0, 
where the reduction of both the azo group and the tnazene group can be utilized. Under 
these conditions, the calibration curves are linear in the range 1 . - 2 . 10" mol I-' 
for tast polarography and 1 . lo4 - 2 . mol 1-' for differential pulse polarography. 
The parameters of these calibration curves are given in Table 111. 
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