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SUMMARY 

The electrode processes of Neutral Red (3-amine- 7-

dimethylamine-2-methyl-phenazine) have been studied 

voltammetrically on Glassy Carbon (GC) and on Indium Tin Oxide (ITO) 

electrodes in buffered aqueous solutions. Multicycle voltammetric 

treatment of neutral red yields a water insoluble surface film. 

Key words: vol tammetry of Neutral R e d , e lect rode react ion 

mechan isms of Neutral Red on G C , Neutral R e d electrode react ions on 

ITO 

INTRODUCTION 

Neutral R e d (3-amine-7-d imethy lamine-2-methy l - phenaz ine 

monohydrochloride) has long been used as a pH indicator due to the fact 

that its red-yellow colour change in aqueous media [1-4]. 
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Neutral Red, NR 

The oxidized form of NR shows different protonation equi l ibr ia 

[5] and in solutions of pH > 0 it only exists as a monoprotonated (Red, 

X m a x = 530 nm) form and an unprotonated (Yellow, X m a x = 450 nm) one. 

On the other hand, two protonation possibi l i t ies of reduced form have 

been reported [6] where for pH < pK32 = 4.4 the diprotonated (NRH42+) 
ions have been identified as a predominant form whereas in the range 

pKa2< pH < p K a i = 6.3 the monoprotonated NRH34- ones have been noted in 

majority. Suzuk i et at. [7] detected two redox systems in acid aqueous 

so lu t i ons on mercu ry e l e c t r o d e . The first r eve rs ib le w a v e of 

polarographic reduction of NRH+ to the respective form NRH2 has been 

observed. The second wave, which was less reversible, was attributed 

to the reduct ion of a f luorescent compound produced by a chemica l 

change of the first electroreduct ion product. Hal l iday and Matthews [2] 

have detected one or two waves dependent ly on different e lect rode 

mater ials. Electroreduct ion mechan isms of phenaz ines in non-aqueous 

med ia and on var ious e lect rode mater ials have been d i s c u s s e d by 

severa l authors [8-12]. The a im of this work is to desc r i be the 

electrochemical behaviour of neutral red on G lassy Carbon (GC) and on 

Indium Tin Oxide (ITO) electrodes. 
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J 
E X P E R I M E N T A L 

Vo l tammet r i c exper iments were car r ied out with a three 

e lectrode cel l by means of a B E L P O R T potent iostat equ ipped with 

a linear wave generator B E L P O R T and a R I K E N - D E N S H I X - Y recorder. For 

e lec t ro l ys i s under cont ro l led potent ia l the work ing and aux i l i a ry 

e lectrodes were separated using the electrolyt ic br idge. A s support ing 

electrolytes the various ionic strength solut ions of K 2 S 0 4 buffered by 

means of Br i t ton-Robinson ( G C electrode) and ci t r ic /c i t rate buffers 

(ITO electrode) were used. The pH value and temperature of solut ions 

were controlled by means of a C R I S O N 501 pH-meter and a H E T O - C B 7 , 

r e s p e c t i v e l y . 

Spect roscop ic measurements were carr ied out by means of an 

Uvikon 930 K O N T R O N spectrophotometer. 

A foil of Pt (A = 4 c m 2 ) was used as counter e lec t rode . A 

H g / H g 2 S 0 4 , K 2 S 0 4 ( s a t ) e lectrode was used as reference e lec t rode. 

G lassy Carbon (GC, M E T R O H M ) and Indium Tin Oxide g lass (ITO, 30 Q / 6 , 

G L A S S T R O N ) were applied as the working electrodes. 

Before each experiment the G C electrode (A = 0.07 c m 2 ) was 

cleaned with 2M K O H . , then in H2SO4 (cone.) and 2 M H2SO4, and rinsed 

with deionized water (Mill i-Q P L U S M I L L I P O R E ) . After the c lean ing the 

G C electrode was polished with AI2O3 ( M E T R O H M ) and then r insed with 

water. The ITO electrode (A = 0 . 4 c m 2 ) was pretreated in ace tone and 

dried in nitrogen s t ream. Neutral R e d chlorhydrate ( P A N R E A C , for 

microscopy) was used. 

The voltammetry on the G C electrode was per formed in N R 

so lu t ions with concen t ra t i ons from c N R = 0 . 5 x 1 0 ' 4 up to 4 x 1 0 ' 3 
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Fig . 1. Vo l tammogram of NR ( c N R = 1 . 2 x 1 0 " 3 mol d m " 3 ; supp. 

e lectro ly te: ace t ic /ace ta te buffer, I = 0 .1 M, pH 5 . 0 3 , T = 2 9 8 K) on 

G lassy Carbon electrode (v = 1 0 0 mVs" 1 ) 

2.6H i 1 1 1 1 
3 . 1 3 . 2 3 . 3 3 . 4 3 . 5 3 .6 3 . 7 

( 1 / T ) x l 0 0 0 
Fig.2. Temperature dependence of voltammetr ic current peaks of 

NR ( c N R = 1 . 2 x 10" 3 mol dm" 3 ) on G C electrode (v = 100 mV s" 1 ) in 

Britton - Robinson buffer (I = 0.1 M, pH 5.03 ); cathodic peaks (• ): y = 

9.1666 - 1.6971x (r = 0.9937); anodic peaks ( • ) : y = 8.7023 - 1.666x (r = 

0 .9981) 
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m o l . d m - 3 in the aqueous solutions with Br i t ton-Robinson buffer and in 

the solut ions in the mixed water -DMF solvents. In exper iments with the 

ITO electrode the solut ion of NR was p repared in the suppor t ing 

e lect ro ly te with c i t r i c /potass ium citrate buffer. A l l reagents ( p . a . , 

P A N R E A C ) were used without additional puri f icat ion. 1 

RESULTS AND DISCUSSION 

The cyclic voltammograms of Neutral Red on G C (glassy carbon) 

electrode are shown in Fig. 1. 

For both anodic and cathodic p rocesses the dependence of the 

respect ive peak currents on temperature are presented in F ig .2 . The 

linear plots of In i p vs (1/T) show an Arrhenius behaviour. The apparent 

activation energies obtained from plots are equal to 14.5 kJ m o l - 1 and 

this va lue lies within a diffusion control led p r o c e s s e s energy range. 

However , the adsorpt ion of R N H + on the electrode is made evident at 

lower temperatures. 

The measured peak potential/pH dependenc ies show the shift of 

the respect ive E p , a and E P i C peak potential va lues to a.more negat ive 

potential range with an increasing pH(Fig.3). Figure 3 clear ly i l lustrates 

the preprotonation chemica l step of neutral red. The dependence of 

cathodic potential peak va lues as a function of pH shows two l inear 

p lo ts with c r o s s i n g point i nd i ca t i ng p K a = 6.7 a c c o r d i n g to 

potentiometric results [3,4]. Be low this value the ox id ized s p e c i e s of 

NR are protonated and then the charge transfer takes p lace. In bas ic 

solut ions NR is directly reduced since Ep remains nearly constant with 

pH changes at pH > 6.7 as occurs in other organic subs tances . Three 
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TABLE1 
Voltammetr ic peak potential va lues of Neutral R e d (NR) ( c N R = 

1.2x10" 3M, r e r " . H g / H g 2 S 0 4 , K 2 S0 4 (sat) , /mV) on stationary G l a s s y Ca rbon 

electrode in Bri t ton-Robinson buffer (I = 0.1 M, pH 5.03) and W c = I E p c -

E p / 2 i C l , and W a = I E p , a - E p / 2 > a l / mV. 

vl mVs" 1 - E p/2 , c W c "^p,a " E p /2 . a Wa 

30 810 776 34 764 799 35 
40 8 0 3 771 32 759 7 9 4 35 
50 7 9 7 767 30 750 787 37 
60 8 0 4 776 28 755 799 4 4 

70 809 7 7 2 37 756 7 9 2 36 
80 810 7 7 2 38 753 797 4 4 
90 8 0 2 769 33 753 785 32 
100 8 0 4 765 39 741 782 41 
120 811 7 7 7 34 744 7 8 7 4 3 
130 8 1 4 776 38 741 785 4 4 

1300 

1100¬
> 
-E 9 0 0 -
a 

w 
I 

7 0 0 -
1 3 5 7 9 11 

pH 

Fig.3. pH dependenc ies of voltammetric peak potentials of N R 

( c N R = 1.2x10"3 mol dm" 3 ) on G C electrode (v = 100 mV s" 1 ) in Bri t ton-

Rob inson buffer (I = 0.1 M, T = 298 K); cathodic (•) , anodic (•) 
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Fig.4. The current peaks as the functions of s w e e p rate [14]; 

cathodic ( • ) (r = 0.9993), anodic (• ) (r = 0.9957); G C electrode ( c N R = 

1 .2x10" 3 mol dm" 0 , Bri t ton-Robinson buffer of I = 0.3 M, pH 4.5) -3 
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straight l ines of anod i c peak potent ial E P ia= f(pH) ind ica te two 

cross ing points which are c lose to p K 3 l = 6.3 and p K a 2 = 4.4 for N R 

reduced spec ies according to Nikolski i 's data [6]. 

The half width (Table 1) of the cathodic peak W i / 2 , c and W - | / 2 , a 

the anodic peak impl ies the quasi-reversible two-electron process [13]. 

The anodic and cathodic peak currents linearly depend on the scan rate 

funct ions (Fig. 4a) with different s lopes, and the N icho lson-Sha in [13] 

current funct ions (F ig . 4b) prove the process to be a two-elect ron, 

quas i - revers ib le , cont ro l led by diffusion and coup led to a chemica l 

react ion 

The current peak of the first anodic scan presented in F ig . 1 

d e c r e a s e s sl ightly when the ionic strength of solut ion inc reases as 

cor responds to the reduction of an charged specie (Table 2 ) , however 

the respect ive peak potential values remain constant. 

The e lec t rochemica l mechan ism assoc ia ted to the Ic/la couple 

can be illustrated by means of a square type scheme [8,10,14,15]: 

p K a = 6.7 H+ 
N R <-> NRH+ <-» N R H 2

2 + 

e \ | , i 4 

N R - <-* NRH" <-» NRH 2 *+ 

4̂  X \* 

N R 2 " <-> N R H - <-» N R H 2 <-» N R H 3

+ <-» N R H 4

2 + 

p K a 1 = 6.3 p K a 2 = 4.4 

Where the stable reduced acidic spec ies (in aqueous solution), 

N R H 3

+ and N R H 4

2 + , must be dissociated before the re-oxidation. For this 

reason the e lect rochemica l reoxidation of the spec ies mentioned above 

is sl ightly af fected by the overal l concentrat ion of acet ic ac id in the 
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T A B L E 2 

The voltammetric peak potentials/ mV7 of NR on G C electrode 

( c N R = 1 .2x10" 3 M) in Britton-Robinson buffer (pH 5.03) of var ious ionic 

strength 

I /M - E p , c ( I ) / m V -Ep, a ( I ) /mV AEp(mV) Ip,c(D/nA Ip, , ( l ) /HA Ip,a/Ip 

0.156 811 741 70 31 23 0 ,74 
0 .279 818 735 83 31 20 0 ,65 
0 .402 828 741 87 31 18 0 ,58 
0 .525 834 745 89 31 17 0 ,55 

TABLE 3 

The voltammetric peak potentials /mV/ of NR on G C electrode 

( c N R «= 1.2x1 0"3 ,v - 100 mVs"1) in Britton-Robinson buffer of I - 0.3 M 

with various concentrations of acetic acid (cH). 

C H / M •E P ) c ( I ) /mV -E p , a ( I ) /mV AEp(mV) Ip,cf l) /HA Ip, . ( l ) /HA Ip,a/Ip 

0,064 825 749 76 26 20 0,77 

0,128 822 739 83 30 18 0,61 

0,208 825 726 99 30 17 0 ,56 
0,288 825 723 102 31 17 0 ,55 
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buffered solut ion ( c H in Table 3). When the buffer capaci ty i nc reases 

the d issoc ia t ion react ions of N R H 3

+ and N R H 4

2 + spec ies shou ld be 

inh ib i ted s i nce the p rocess is c h e c k e d t he rmo-dynam ica l l y and 

k i n e t i c a l l y . 

The adsorpt ion of phenazine on mercury electrode was a l ready 

descr ibed by Laitinen [16] in N a C I 0 4 aqueous solution. When the adsorbed 

compact film of ox id ized spec ies was formed, the s lope of the graph 

\p=f(c) c h a n g e s abrupt ly when c = cm. The re lat ions be tween the 

current peaks of the first cycle and concentration of NR in the solut ion 

are shown in F ig . 5. The straight lines cross ing point of the cathod ic 

current peak dependence shown in Fig. 5a indicates a c m concent ra t ion 

of about 1 .2 .10 - 4 M of NR which illustrates the boundary concentrat ion. 

Therefore, the maximum values of the surface concentrat ion of 

N e u t r a l R e d cover ing the G C elect rode sur face ( r ' m ) c a n be 

approximately calculated from the equation (10,16): 

r ' m = 0.74 ( D 0 x ) 1 / 2 c m U V 2 (6) 

where c m = 1.2.10" 4 m o L d m - 3 is the experimental va lue (F ig . 

5a) and ti is the time ass igned by voltammetric scan rate. Di f fusion 

coef f ic ient ( D 0 x ) o f N R oxidized form was calculated on the bas i s of 

exper imental results and equals 3 . 1 0 - 6 s c m - 2 . Finally, the approx imate 

value of the surface area covered by NR oxidized spec ie ( r ' m ) of the 

o rder 1 0 - 1 1 m o l x c m - 1 has been ca lcu la ted and this a p p r o a c h 

co r responds to the flat lying spec ie area about 50-60 A 2 .The self 

associat ion of neutral red causes the non linear dependence on c of ip in 
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F i g . 5 . Current peak dependenc ies on N R concen t ra t ion in 

solut ions on G C electrode (v = 100 mV s " 1 , Br i t ton-Robinson buffer of 

I = 0.3 M, pH 4.5); cathodic (•), anodic (•) 
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concen t ra te so lu t ions (F ig . 5b) as is c o m m o n in many organ ic 

substances in aqueous solution. 

Figure 6 i l lustrates the formation of a new irreversible redox 

coup le ( l l c / l l a ) in the potential peaks E p a = - 0.5 and E p a = - 1.4 V 

(versus H g / H g 2 S 0 4 electrode) and, in consequence, the decreas ing of 

the respect ive current peaks of NR redox p rocesses . The th ickness of 

this film inc reases s lowly (in the long term vo l tammer ic treatment) 

This latter type form of cover ing surface film is character ized by new 

( l l c / l l a ) i r revers ib le coup le and the redox p r o c e s s e s ( l c / l a ) are 

success ive ly checked . In the single sweep osci l lographic polarograms of 

NR in solutions of various pH (pH 3-6) presented by Suzuki and Sawada 

[7] the s e c o n d i r revers ib le wave was recorded (on drop mercury 

electrode). This second peak may be compared with our l l c peak in Fig. 6. 

The ( l l c / l l a ) couple is not recorded when D M F is added to the 

solut ion s ince the react ion products are soluble in wa te r -DMF mixed 

solvent. The shift of E p values in the mixed solvent (Table 4) can be 

interpreted on the bas is of the solvat ion activity transfer coeff ic ient 

of proton from water to the mixed wa te r -DMF solvent. Th is solvent 

effect c a u s e s the shift of the s tandard potential of react ions with 

participation of solvated proton [17]. 

The exper iments on ITO electrode were carr ied out in K2SO4 

electro ly te with ci tr ic/ci trate buffer, s ince H A c / A c e t a t e s y s t e m has 

caused some trouble with stability of supporting electrolyte due to the 

catalyt ic reduct ion of acet ic ac id during the long term vol tammetr ic 

measurements. The first cycle voltammogram on ITO electrode is shown 

in Fig.7 and the analysis of the obtained current peaks functions can let 
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T A B L E 4 

Inf luence of the compos i t ion of the mixed water -DMF solvent on 

peak potent ia ls of N R on G C elect rode (v= 5 0 m V s " 1 ) . Ratio of the 

current p e a k s ( l p a / l pc ) w a t e r and ( l p a / lpc) s o l v are equal to 0.8 ± 3%. 

Solut ion parameters as in Tab le 3 

C D M F / V O I . % - E P I C -Ep, a A E p 

0 797 767 70 

8 798 724 74 

20 815 730 85 

28 842 757 85 

40 879 791 88 

I 

i i 1 -| 

0.0 0-5 1.0 1.5 
Fig.6. Mult icycle voltammogram of NR ( c N R = 1.2x10" 3 moldm'"', 

Britton-Robinson buffer of I = 0.1 M, pH 6.1) on G C electrode (v = 100 

•nV s""l 

2 



• - E/V 
I • | | I 

0.0 0.4 0.8 1.2 

Fig. 7. Voltammogram of NR ( c N R = 2.5x1 0" 4 mol d m ' 3 , I = 0.22 

M citric/citrate buffer, pH 4.4) on ITO electrode (v - 20 mV s' 1 ) 

us conc lude that they i l lustrate the s a m e m e c h a n i s m s that this 

described above on G C electrode. 

Eventual ly, in order to obtain the ele.ctrochromic sur face film 

the ITO e lec t rodes have been treated in a long term vo l tammetr ic 

s tud ies and by the chronoamperomet r ic techn ique under cont ro l led 

potential. The colour changes of ITO surface were not observed Both 

exper imental ways provide a new surface layer with X m a x = 380 nm. 

Nevertheless, at pH = 4.7, the solution of oxid ized specie shows a red 

colour ( X m a x = 530 nm) and the reduced species an orange colour ( X m a x = 

480 nm) that are re lated with the R N H + and R N H 3

+ s p e c i e s , 

respectively. The couple l lc / l la corresponds to the new phase formed on 

the ITO electrode ( X m a x = 380 nm.) This water- insoluble sur face layer 

hindered the l c / l a p rocess. In spite of the fact that the l c / l a p rocess is 

quasi-reversib le, the existence of a secondary l l c / l l a p rocess hinders 

the appl icat ion of NR in electrochromic devices(18) based on the ITO 

transparent e lect rode. 
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Magnesium, one of the l i g h t e s t nonferrous metals assumes 

great importance due to many a t t r a c t i v e s t r u c t u r a l , chemical 

and electrochemical features. The influence of the h a l i d e 

ions at concentrations ranging from 0.1 M to 2.0 M on the 

c o r r o s i o n behaviour of primary magnesium has been 

i n v e s t i g a t e d by g a l v a n o s t a t i c p o l a r i s a t i o n and atomic 

a b s o r p t i o n s p e c t r o s c o p y (AAS). The c o r r o s i o n k i n e t i c 

parameters namely open c i r c u i t p o t e n t i a l (OCP), cor r o s i o n 

p o t e n t i a l ( E c o r r ) , c o r r o s i o n c u r r e n t ( I c o r r ) and T a f e l 

constants ( b a and b c) have been c a l c u l a t e d from p o l a r i s a t i o n 

experiments.These data are interpreted to brin g out the 

e f f e c t s of the h a l i d e ions and t h e i r concentration on the 

c o r r o s i o n of magnesium i n these media. The amount of 

magnesium anode d i s s o l v e d and estimated by the instrumental 

method has been compared with the electrochemical weight 

l o s s . The d i s s o l u t i o n rate i n the former i s found to be more 

than i n the l a t t e r . S u i t a b l e e x p l a n a t i o n s have been 

forwarded f o r the excess d i s s o l u t i o n of magnesium. The 

change i n p H observed d u r i n g the p o l a r i s a t i o n a t h i g h 

current d e n s i t i e s has also been investigated and explained 

s u i t a b l y i n t h i s paper. 

* To whom correspondence should be made 

Portugaliae Electrochimica Acta, 13(1995) 153-164 


