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Both hydrated (I) and dehydrated (II) ninhydrin have been reversibly reduced electrochemically to the dianionic species 

with two electrons along two cyclic voltammetric (CV) peaks in acetonitrile containing 0.1 M TBAPF6 on a Pt-disc 

electrode at 25°C. In dichloromethane/0.1 M TBAPF6, three waves are obtainable, the first of which is reversible but it 

is combined with an irreversible second one. The third peak is far separated from both the first and the second and is 

mostly irreversible. Addition of small amounts of bidistilled water either to hydrated or to dehydrated systems in separated 

experiments, did not lead to the appearance of irreversible waves as reported in the literature. In fact, the addition of 

water has only a little effect on the reversible character of the electrochemical behaviour of both compounds, but it has 

an obvious shift of the location of the second peak to more positive potential values. The electrochemical impedance 

spectroscopy (Eis) diagrams and their computed data for the radical and dianion species of both forms of the molecule 

are obtained and discussed. 

INTRODUCTION 

The electrochemical characteristics of carbonyl compounds are historically of interest. Therefore, 

ketones,1 α-keto acids,2,3 aldehydes4,5 and di- and tricarbonyl molecules,6,7 as well as many other carbonyl 

compounds have been frequently studied. However, protonation of such molecule anions induced by 

impurities contained in the solvent or by reactivity of the supporting electrolyte were the main reasons 

attributed to the difficulties to complete the studies.8 In order to minimize problems arising from coupled 

chemical reactions, polar systems (nonaqueous solvents) were used successfuly. 

Ninhydrin represents an essential tool in the analysis of amino acids, peptides and proteins. In addition, 

the molecule is a preferrable reagent for the detection of latent fingerprints on porous surfaces. Therefore, 

this molecule has attracted increasing interest in recent years. Our interest was to use the powerful means of 

the combined impedance spectroscopy (Eis) and the cyclic voltammetric (CV) techniques to show some 

additional information about the electrochemical behaviour of ninhydrin system in pure and superdry 

acetonitrile and methylene chloride. 

EXPERIMENTAL 

The hydrated ninhydrin (I) was obtained as AR grade from PS PARK (Northampton, UK), whereas the dehydrated form (II) 

was obtained by heating (I) in an oil bath under reduced presure until the purple crystals are obtained. Reagent grade acetonitrile 

(Riedel De Haën) and dichloromethane (BDH) were further purified and dried according to a previous recommended method.9 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was a Fluka product and was further recrystallized twice from pure methyl 

alcohol and dried for several hours in vacuum at 100°C. 

For sample preparation, additional refinement and drying for electrochemical measurements under superdry conditions, a 

special type of electrochemical cell was employed.10 The working electrode was a Pt disc (1.52 mm2 surface area), the counter electrode 

was also a Pt wire, and the reference electrode was an Ag/AgCl. 
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The CV and Eis diagrams were recorded using an EG&G Princeton Applied Research Potentiostat/Galvanostat Model 273. 

The instrument was equipped with also an EG&G 5208 Two Phase Lock-in Analyzer, too. The Eis plots were recorded using an 

EPSON fx-850 Printer, whereas the CV curves were registered with a HEWLETT PACKARD Cloropro Plotter. All measurements 

were performed at 25°C. 

RESULTS  AND  DISCUSSION 

The electroreduction behaviour of ninhydrin (1), as a stable monohydrated form of the corresponding 

tricarbonyl compound 1,2,3-indantrione (II) in aqueous11–15 and nonaqueous systems15–17 has been 

frequently described in the literature. Its cyclic voltammogram17 showed in DMF three cathodic peaks in the 

forward scan and only two anodic peaks in the reverse one at the hanging mercury drop electrode [HMDE] 

at 25°C. The work concluded for compound II reversible electron transfer processes along both the first and 

third steps, whereas the second irreversible wave was atrributed to the first electron transfer to the hydrated 

molecule (I) followed by the dehydration of a molecule of water as a chemical reaction following up the 

electrochemical process. 

In contemplating the rationale for the reasons leading to differences in behaviour between previous and 

the present study, one has to take into account firstly the differences in the properties of the aprotic solvents 

used. Although dimethylformamide and acetonitrile have a comparable polarity (dipole moment 3.80 D and 

3.44 D, dielectric constant 36.7 and 35.9 respectively9), they have quite different acidities (pKa > 30 and 

pKa = 25, respectively). Therefore, in both solvents the electrochemical behaviour, in some cases, should be 

similar but in most instances the anions are more easily protonated by acetonitrile than by DMF. Moreover, 

the latter has a pronounced ability to solvate cations which in turn leads to less ability to solvate anions as 

shown by many reactions in organic chemistry. On the basis of the foregoing remarks, one expects as 

observed in the present report that the anions be more readily protonated in methylene chloride rather than 

in ACN or DMF. 

The cyclic voltammograms of 2.48 mM of (I) and 1.65 mM of (II) in ACN and 2.20 mM of both (I) 

and (II) in CH2Cl2, both solvents containing 0.1 M TBAPF6 on Pt-disc electrode at 25°C are displayed in 

Figs. 1 and 2 (a and b), respectively. 

 

Fig. 1 – Cyclic voltammograms of the electroreduction of ninhydrin in CH3CN/0.1M TBAPF6 at Pt-disc  

electrode (1.52 mm2) at 25°C: (a) 2.48 mM of Ninhydrin (I). (b) 1.65 mM of form (II). 
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Fig. 2 – Cyclic voltammograms of the electroreduction of 2.2 mM of ninhydrin in CH2Cl2/0.1M TBAPF6  

on Pt-disc electrode (1.52 mm2) at 25°C: (a) monohydrated ninhydrin (I) (b) The dehydrated form (II). 

As shown in the figures, the reduction of both forms of ninhydrin to the dianion species is taking place 

along two obviously well-separated reversible one-electron transfer steps in acetonitrile, whereas the behaviour 

in methylene chloride is inherently different. The first wave, in the latter solvent, is obviously a combination 

of two steps, the first of which is a reversible one (at about –0.58 V), which can be attributed to the reduction 

of the unhydrated molecule (II). The second process at about –0.715 V, which is expected to be irreversible, 

can be ascribed to the first charge transfer step of the electroreduction of (I) coupled with a dehydration 

chemical reaction. The third peak, at Ep = –1.525 V, is significantly irreversible or with a small degree of 

reversibility, being attributed to the formation of the dianion species of ninhydrin followed by fast 

protonation process. 

The measured half-wave potentials for the reversible processes in ACN are: 1
1/ 2E = –0.4 V and 2

1/ 2E =  

= –1.056 V for I and 1
1/ 2E = –0.2988 V and 2

1/ 2E = –1.206 V for II vs. Ag/AgCl, respectively. Peak potential 

differences for the redox couples measured in ACN pc paE E−  for the two forms of the molecule are found 

to be 110 mV and 130 mV for I and 82 mV and 232 mV for (II), respectively. Except the values characterizing 

the first charge transfer step for both molecule forms, the values of the peak separations for the second 

charge transfer process are obviously higher than the predicted value for a reversible one-electron transfer 

process.18 This may be ascribed to many reasons, the more simple of which is the known problem associated 

usually with solid electrodes. Strictly speaking, the continuous passivation of their surface area could affect 

the values of many electochemical data through changes in the solution resistance and the double layer 

capacitance and, of course, peak potential-separation values.19 Moreover, the electron transfer occurring at 

the second step is expected to be relatively sluggish reaction process. That means that the charge transfer at 

the second peak is not facile, the standard heterogeneous rata constant, Ks, being in the quasireversible range 

(0.1 > ks > 10–5 cm/s) as previously stated by Nicholson.20 However, the important reason expected can be 

more reliable for the experimentally observed relatively high values for the second peak separation is that, in 

a solvent like ACN the partial protonation of the reactive ninhydrin dianion is inherently possible. This will 

lead to an additional wave corresponding to the oxidation of protonated dianion species, which in most cases 



938 Hossnia Mohran and Farouk Rashwan 

apears less negative than the primitive one. Both peaks are combined together to make both the observed 

peak current and the peak potential separations considerably larger than the true reversible value. 

It was determined subsequently that small amounts of water added to the solution would measurably 

enhance the follow-up chemical reaction. Thus when 0.86 M (or 1.56%) and 0.16 M (or 2.96 × 10–3%) of 

bidistilled water was added to the systems of (I) and (II) respectively, by recording the first cyclic 

voltammogram [e.g. curve (a) of Fig. 3], an obvious shift of the second peak to less negative potential values 

is observed. The potential location of the first peak and the reversibility behaviour of both waves are not 

greatly affected for (I), but significantly, for the dehydrated compoud (II). Addition of water, even to the 

dehydrated ninhydrin form (II) as shown in Fig. 3, has not led to the appearance of an extra peak. 

 

Fig. 3 – Cyclic voltammograms of the electroreduction of 1.65 mM of the dehydrated ninhydrin (II) in CH3CN/0.1M 

TBAPF6 on Pt-disc electrode (1.52 mm2) at 25°C, at different additions of bidistilled water: (a) 0.0%, (b) 1.56 × 10–3%,  

 (c) 2.96 × 10–3%. 

Further increase of water concentration to 2.52 M (3.077%) and 0.49 M (8.82 × 10–3%) for (I) and (II), 

respectively, leads to extra shift in the potential of the second wave to less negative values is obtained (from 

–1.150 V. to –0.850 V. for increase of water from 0.0% to 3.077% for compound I, for example). In 

addition, the peak current magnitudes, especially those in the foreward scan, are slightly reduced (Fig. 3). 

The reversibility of both peaks is still not greatly influenced. Such a behaviour can suggest that further 

reduction of the protonated radical anion of ninhydrin (I) is also reversible and thermodynamically much 

easier than the corresponding dehydrated molecule. Such behaviour can be interpreted in view of the 

localization of charge on the molecule as a result of an internal hydrogen-bond formation (intramolecular 

hydrogen bonding). 

The complex plane representations of the impedance behaviours for the first and the second charge 

transfer steps of (I) are depicted in Fig. 4. The impedance data show, at low frequencies (less than 100 Hz) 

an almost linear Warburg response at an angle of about 45° to the real axis for the second step and an 

undeveloped Warburg behaviour for the first reduction step. Under these circumstances, the results reveal 
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that the electron transfer processes to the ninhydrin molecule during its reduction in ACN/TBAPF6 are 

faster than the diffusion of ions across the electrode-solution interface. The behaviour between 100 Hz and 

100 kHz  

 

Fig. 4 – Complex impedance plane plots of 2.48 mM of ninhydrin (I) in CH3CN/0.1M TBAPF6  

on Pt-disc electrode (1.52 mm2) at 25°C for the redox couples: a) (I/I–), b) (I–/I2–). 

becomes dominated by a nondiffusional component and relatively depressed semicircles are obtained. The 

responses can be interpreted to result from the non-Warburg impedance elements. 

Fig. 5 demonstrates the Eis data for the first charge transfer step for the dehydrated molecule (II) at 

Pt-disc electrode at 25°C. The Nyquist plot of the data shows a very small semicircle with an ideal Warburg 

straight line at 45° to the Z’axis. The results may reveal that the kinetics of the step is fast and the reaction is 

diffusion controlled,21 whereas the reaction charge transfer resistance (Rct) tends to zero. For the second 

electron transfer, the Warburg impedance drops out, because the time scale is so short that diffusion cannot 

manifest itself as a factor influencing the process (Fig. 6). 

The character of the second reduction step of ninhydrin (II) is further highlighted by Eis data, revealing 

that the heterogeneous redox process is relatively immobile. The behaviour is characteristic for a process 

where its charge-transfer resistance is very large (Rct → ∞) and the reaction becomes dominated by kinetics 

(see Table 1).22,23 The last postulate supports the foregoing proposal that the reaction occurring at the 

second step is relatively slow and falls in the quasireversible range. 

Basically, the form of the semicircule becomes significantly distorted at values for the heterogeneous 

rate constant greater than 0.01 cm/s.24 
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Fig. 5 – Complex impedance plane plots of 1.65 mM of ninhydrin (II) in CH3CN/0.1M TBAPF6  

on Pt-disc electrode (1.52 mm2) at 25°C for the redox couple (II/II−). 

 

Fig. 6 – Complex impedance plane plot of 1.65 mM of ninhydrin (II) in CH3CN/0.1M TBAPF6  

at Pt-disc electrode (1.52 mm2) at 25°C for the redox couple (II–/II2–). 

Table 1 

Impedance Spectroscopy data of the hydrated ninhydrin (I) and the dehydrated 

 ninhydrin (II) in CH3CN/0.1 M TBAPF6 at the Pt electrode at 25°C 

The redox couple RΩ (Ω ) Rct (Ω) Cdl (Farad) 

 (I)/(I)–  458  4790  3.85 ×€10–5 

 (I)–/(I)2–  398  9602  1.04 ×€10–5 

 (II)/(II)–  652  5453.4  – 

 (II)–/(II)2–  506  45107  1.97 ×€10–6 

The impedance techniques such as the “Cole-Cole” or Nyquist plot and the Bode plot were performed 

using a Pt-disc electrode (Φ = 1.39 mm) and amplitude of the alternating potential ∆E = 10 mV (p-p). 

The Bode plot is used in order to evaluate the Eis data, such as the solution resistance (RΩ), the charge-

transfer reaction resistance (Rct) and the diffuse double-layer capacitance (Cdl). The values for both the 
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redox couples of (I) and (II) in ACN and are listed in Table 1, whereas those for form I of the compound 

evaluated from the experiment carried out in CH2Cl2 are summarized in Table 2. 

Table 2 

Impedance Spectroscopic data of the hydrated ninhydrin (I) in CH2Cl2 /0.1 M TBAPF6 using 

 the Pt electrode at 25°C 

The reduction step RΩ [Ω] Rct [Ω] Cdl (Farad) 

1st + 2nd  3745.7 27877 1.15 × 10–5 

3rd 4148 34599 1.60 × 10–5 

The chemical equilibrium between forms I and II is represented by the following scheme: 
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