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Highlights 

• Redox equations for o-quinone systems with quinone methide formation are presented. 

• Holistic thermodynamic model for 5,6-dihydroxyindole. 

• First estimations of key chemical thermodynamical parameters for 5,6-dihydroxyindole. 

• Enhanced understanding of poly-indolequinones such as poly-dopamine and melanin. 

Abstract 

The poly-indolequinone polymers such as poly-dopamine and melanin are significant materials for advanced 

soft materials in coatings and devices. In order to make progress towards a holistic thermodynamic model, 

one can consider the thermodynamics of the redox chemistry of a key monomer building block: 5,6-

dihydroxyindole. The work presented here indicates a new observation, that the quinone methide tautomer 

plays a key role in semiquinone free radical production. The modelling includes a new set of pH dependent, 

reduction potential equations to account for tautomerisation. Furthermore, presented are estimations for 

various thermodynamic variables. The 1 electron potential for the quinone reduction is between 0.14 to 0.17 

V (NHE); Semiquinone reduction is between -0.10 to -0.068 (NHE); Tautomarisation constant is estimated to 

be 0.99 to 3.9; Comproportionation formation constant is estimated to be between 3.8×103 and 50×103. The 

work presented here may form the basis for understanding the charge transport properties for poly-

indolequinones. 
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1. Introduction 

The poly-indolequinone polymers such as poly-dopamine and the melanins have seen an explosion of interest 

in the past decade due to their potential application ranging from multifunctional coatings to functional 

materials in devices and sensors.[1] [2] [3] This wide range of application is due to the versatility of these 

polymers and their properties which include hydrophobic and hydrophilic surface adhesion,[4] [5] [6] [7] [8] 

stable free radicals, [9] hygroscopic properties[10] [11] and conductive properties[12] to name a few. 

Poly-dopamine has been at the forefront of materials design and application, but, as a material per se, it has 

not received as much attention as its sister compound, eumelanin. Eumelanin, the brown-black pigment found 

in human skin, commonly referred to just as melanin, has a deeper knowledge base of its basic properties, and 

hence is a good class to study the poly-indolequinone polymers. Melanin acts as a photo-protectant against 

harmful UV radiation, and is synthesized from two main monomers: 5,6-dihydroxyindole (DHI) and 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) and their various redox forms (Figure 1).[12] [13] [14] [15] 

Melanin is also in other parts of the body including the substantia nigra of the brain stem[16] (combined with 

pheomelanin to form neuromelanin[17]) and the eye,[18] where the exact biological roles are still somewhat 

uncertain. Melanin has a range of interesting physico-chemical properties including broad-band optical 

absorption;[19] robustness towards exposure to harmful radiation;[20] almost complete non-radiative 

conversion of absorbed photon energy;[21] hygroscopic properties;[10] [22] [11] [23] stable free radical 

properties;[24] [25] [26] [22] [27] [28] and conductive properties,[29] [30] [28] [22] [24] [31] [32] [33] all of 

which are exploited to some extent in devices and material applications.[34] [35] [36] [37] [38] [32] 

The aforementioned free radical and conductive properties are intimately linked by radical/redox 

chemistry.[31] [24] [14] [8] [39] [28] [29] For example, melanin’s conductivity is dependent upon the degree 

of hydration, which is modulated by a comproportionation redox reaction (Figure 2a).[24] [22] [28] [29] In 

short, a chemical self-doping effect occurs whereby one-electron oxidation of the catechol (reduction of the 

quinone) to the semi-quinone releases protons into the hydrating water matrix.  

 



 

Figure 1: The starting monomers of melanin and their various redox states and tautomers. i) For the hydroquinone catechol where 

R = H, one has a 5,6-dihydroxyindole (DHI). For R = COOH one obtains a 5,6-dihydroxyindole-2-carboxylic acid (DHICA). These 

two molecules are the primary starting monomers for melanin synthesis. The molecules listed below, ii) – iv), are various redox 

states of DHI and DHICA in increasing oxidation with associated deprotonation reactions (i, ii, iv & v). Also included are the 

tautomerisation reactions of the quinone to quinone imine and quinone methide (iii). 

It is clear from the literature that the physical and chemical properties of melanin and the poly-dopamine 

systems are interpreted to a major extent on the underlying DHI & DHICA moiety chemistry. However, 

currently no holistic thermodynamic model exists for poly-indolequinones, nor even for the simplest molecule 

DHI. Given the interest in these materials, it is imperative to understand the nature of the free radical/redox 

properties as determined by thermodynamic reality. It is therefore the purpose of this paper to begin rectifying 

the problem by using the published electrochemical data of DHI to generate a simple thermodynamic model 

as a starting point. The hope is that the modelling and explanations presented here would form a foundation 



for more advanced work, thus enabling theoretical predictions of properties of poly-indolequinone systems 

such as, for example, their conductivity behavior.  

2. Methods and Theory 

2.1. Background to Theory 

In order to model the DHI molecular system, we will assume that the molecular system is in a solution of 

water in the ideal-dilute limit, in line with much of the experimental work that has been published on DHI. 

The above assumptions, as will be seen, lead to a reasonable model and allow additional insight into the 

underlying chemistry of DHI. 

It is worth going through the basic chemistry reactions in order to understand the development of the theory 

for modelling. DHI has 3 oxidation states: a catechol or DHI proper, a semiquinone, and a quinone which is 

the highest oxidative state. These are depicted in Figure 1. These separate entities can all undergo 

protonation/deprotonation, which implies an associated pKa. 

To enable interconversion between the various oxidative states, one has to include the potential redox reactions 

(see Figure 2). The necessary reactions to be included are the 1 electron reduction (oxidation) reactions of the 

quinone (semiquinone) and of the semiquinone (deprotonated catechol, Q2-). These two reactions can be 

combined together to describe the 2 electron reduction (oxidation) of the quinone (deprotonated catechol, Q2-

) and the comproportionation reaction. These redox reactions can also be described when in the presence of 

protons, as depicted in Figure 2c. 

We now turn to tautomerisation reactions, which yield different forms of the quinone moiety, and, as will be 

seen in the results section, is an important reaction to consider. As depicted in Figure 1iii), the quinone can 

tautomerise to either a quinone methide or a quinone imine.[40] [41] [42] A question to ask is which of the 

two tautomers would be preferred or whether they are equally likely. Computational work on various 

monomers of DHI, accounting for a water solvent,[43] [44] indicate that the quinone is the more stable entity, 

followed by the methide (energy ~8.0 kcal mol-1[43] / ~6.0 kcal mol-1 [44] above the quinone) and finally the 

imine (energy ~12 kcal mol-1 [43] / >6.2 kcal mol-1 [44] above the quinone). As such, the effects of hydrogen 

bonding from the water solvent on the stability of the various tautomers are also accounted for. Overall, these 



results would indicate that the methide is the preferred tautomer and that the quinone imine would be 

unstable[44] in water. This observation appears to be confirmed by considering that melanogenesis from DHI 

into melanin occurs via the quinone methide, which appears to be present and not the quinone imine.[40] [41] 

[42] Overall, it is clear that tautomerisation needs to be accounted for, but only the quinone methide (and its 

deprotonation) will be considered viable while the quinone imine will be discounted. This brings us to the 

work of Spoganicz et al.[45], who originally advanced the idea of tautomerisation for DHI and proposed the 

quinone imine as the likely system. These authors never considered the methide as an alternative tautomer. A 

closer inspection of their work does not inherently presuppose the imine over the methide. As a result, in light 

of the above discussion, this work uses the results of Spoganicz et al.[45], with the caveat that the 

tautomerisation leads to the methide.   

 

 



Figure 2: a) The overall comproportionation reaction. Moieties of two differing oxidative states (catechol and quinone) react 

together with water to form an intermediate oxidative state (the semiquinone) and hydronium. b)The reduction reactions used in the 

development of the model and used for equations 12 – 14. i) Reduction of the quinone to the semiquinone. ii) Reduction of the 

semiquinone to the deprotonated catechol. iii) Two electron reduction from the quinone to the deprotonated catechol. c) The 

reduction reactions depicted in b) above but with full protonation involved and used in equations 21 – 23. i) Reduction of the quinone 

to the protonated semiquinone/phenoxyl radical. ii) Reduction of the protonated semiquinone/phenoxyl radical to the catechol. iii) 

Two electron reduction from the quinone to the catechol. 

A question may be raised regarding the potential deprotonation of the quinone itself. However, given the ease 

of tautomerisation (i.e. a large pool of reactant available) and subsequent deprotonation, it appears unlikely 

within the pH ranges discussed that the quinone itself undergoes deprotonation, and as such it will not be 

considered. 

2.2. Basic Theory 

The redox chemistry is modelled by accounting for 3 items: charge neutrality, mass or concentration balance 

and electron balance. The latter is particularly important since in redox chemistry the electron/oxidative state 

can change for a given monomer.[46] There are two major assumptions in the use of the equations below.  

The charge balance equation utilized in the case of adding an acid is: 

[H+] − [OH−] − [SQ] − [HQ−] − 2�Q2−� − [QM−] − 𝐶𝐶𝐶𝐶
𝐶𝐶+𝐶𝐶0

= 0   (Eq. 1a) 

Where [X] is the concentration of a particular species (see Figure 1 for quinone moiety labelling) and C is the 

concentration of the titrant solution. As will be seen in the discussion below, a comparison between DHI 

behavior will be made to published data on melanin by Chio et al. As such, the DHI solution will be modelled 

by the addition of 1M HCl.[47] V is the volume of titrant added and V0 is the volume of the starting solution. 

For the addition of a base: 

[H+] − [OH−] − [SQ] − [HQ−] − 2�Q2−� − [QM−] + 𝐶𝐶𝐶𝐶
𝐶𝐶+𝐶𝐶0

= 0   (Eq. 1b) 

where the negative sign on the last term in Equation 1a is turned positive. We model a 1M NaOH solution 

addition in this case. For concentration balance, the total number of molecules (i.e. those with an 

indolequinone skeleton) must remain the same: 

[H2Q] + [HQ−] + �Q2−� + [HSQ] + [SQ] + [Q] +  [HQM] + [QM−] …  



−𝐶𝐶0([H2Q]0+[Q]0)
𝐶𝐶+𝐶𝐶0

= 0        (Eq. 2) 

where [H2Q]0 and [Q]0 are the idealized initial concentrations of catechol and quinone before any 

dissociations/reactions occur. Numerous models were run with varying starting fractions of [H2Q]0 to [Q]0, 

i.e. at the start of a calculation it was assumed [H2Q]0 + [Q]0 = 100% and the contribution from each 

monomer was varied. For more information, see supplementary information. 

Finally, the electron balance is determined first by assuming that the semiquinone moieties are the baseline, 

zero oxidative state. Hence, the electron balance becomes: 

[H2Q] + [HQ−] + �Q2−� − [Q] − [HQM] + [QM−] − 𝐶𝐶0([H2Q]0−[Q]0)
𝐶𝐶+𝐶𝐶0

= 0  (Eq. 3) 

The variables in equations 1 to 3 can be related by a series of thermodynamic equilibrium constants as follows: 

𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄 = [HQ−]�H+�
[H2Q]           (Eq. 4) 

𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄− = �Q2−��H+�
[HQ−]           (Eq. 5) 

𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄 = [SQ]�H+�
[HSQ]           (Eq. 6) 

𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄𝐻𝐻 = [QM−]�H+�
[HQM]          (Eq. 7) 

𝐾𝐾𝑄𝑄/𝐻𝐻𝑄𝑄𝐻𝐻 = [Q]
[HQM]         (Eq. 8) 

𝐸𝐸 = 𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−
o − 𝑅𝑅𝑅𝑅

𝐹𝐹
ln �Q2−�

[SQ]          (Eq. 9) 

𝐸𝐸 = 𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
o − 𝑅𝑅𝑅𝑅

𝐹𝐹
ln [SQ]

[Q]          (Eq. 10) 

𝐾𝐾𝑤𝑤 = [H+][OH−] = 10−14        (Eq. 11) 

where equations 4 – 7 are acid dissociation constants for the various protonated entities (see Figure 1). 

Equation 8 is an equilibrium constant for the formation of the tautomer form for the quinone, i.e. quinone 

methide, which we will discuss in more detail in the results and discussion. Equations 9 – 10 are the one 

electron potentials for the redox reactions and equation 11 is accounting for water dissociation.  

In the modelling, two models were tested. The first model assumed standard quinone/catechol behavior, i.e. 

omitting equations 7 & 8 and [HQM] & [QM−]. The second model included everything.  The equilibrium 

constants and reduction potentials were obtained from the literature or were estimated as below. 



2.3. Estimating Standard One Electron Reduction Potentials: Assuming Standard Quinone 

Chemistry 

Analytical equations exist for estimating the redox potentials for quinone/catechol systems,[48] [49] which 

are briefly covered here. Ideally, there are three redox reactions to describe quinone/catechol systems. They 

are: 

Q +e− ⇄ SQ          (Eq. 12) 

SQ +e− ⇄ Q2−         (Eq. 13) 

Q +2e− ⇄ Q2−         (Eq. 14) 

where equations 12 & 13 are the one electron reductions and Equation 14 is the 2 electron reduction. Each of 

these reactions have their corresponding standard reduction potentials: 

𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
0 = 𝑅𝑅𝑅𝑅

𝐹𝐹
ln [SQ]

[Q]          (Eq. 15) 

𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−
o = 𝑅𝑅𝑅𝑅

𝐹𝐹
ln �Q2−�

[SQ]          (Eq. 16) 

𝐸𝐸𝑄𝑄/𝑄𝑄2−
o = 𝑅𝑅𝑅𝑅

2𝐹𝐹
ln �Q2−�

[Q]          (Eq. 17) 

where equations 15 & 16 are the equilibrium results for equations 9 & 10 and 17 is the equilibrium result for 

the 2 electron process. The apparent standard reduction potentials, though, can be changed as a function of 

pH, since each of the species involved have associated pKas. Thus, at a particular pH, there are multiple 

versions of the same underlying species. Hence, pH dependent standard reduction potentials are determined 

for when the ratio of the concentrations of all oxidized species to concentrations of all reduced species is one. 

The resulting modified equations are:[48] [49] 

𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
0,𝑝𝑝𝐻𝐻 = 𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄

0 − 𝑅𝑅𝑅𝑅
𝐹𝐹

ln𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄 + 𝑅𝑅𝑅𝑅
𝐹𝐹

ln�𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄 + [H+]�    (Eq. 18) 

𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−
0,𝑝𝑝𝐻𝐻 = 𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−

0 − 𝑅𝑅𝑅𝑅
𝐹𝐹

ln �𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−

𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄
� + 𝑅𝑅𝑅𝑅

𝐹𝐹
ln�𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−+𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄�H

+�+�H+�
2

𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄+�H+�
� (Eq. 19) 

𝐸𝐸𝑄𝑄/𝑄𝑄2−
0,𝑝𝑝𝐻𝐻 =

𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
0,𝑝𝑝𝐻𝐻 +𝐸𝐸

𝐻𝐻𝑄𝑄/𝑄𝑄2−
0,𝑝𝑝𝐻𝐻

2
        (Eq. 20) 

It should also be noted that the first two terms in the above equations 18 & 19 give you the effective reduction 

potentials for reactions 12 – 14 for fully protonated species: 



Q +e− + H+ ⇄ HSQ ,   𝐸𝐸𝑄𝑄/𝐻𝐻𝐻𝐻𝑄𝑄
0 = 𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄

0 − 𝑅𝑅𝑅𝑅
𝐹𝐹

ln𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄   (Eq. 21) 

HSQ +e− + H+ ⇄ H2Q , 𝐸𝐸𝐻𝐻𝐻𝐻𝑄𝑄/𝐻𝐻2𝑄𝑄
0 = 𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−

0 − 𝑅𝑅𝑅𝑅
𝐹𝐹

ln �𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−

𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄
�  (Eq. 22) 

Q +2e− + 2H+ ⇄ H2Q ,  𝐸𝐸𝑄𝑄/𝐻𝐻2𝑄𝑄
o =

𝐸𝐸𝑄𝑄/𝐻𝐻𝐻𝐻𝑄𝑄
0 +𝐸𝐸𝐻𝐻𝐻𝐻𝑄𝑄/𝐻𝐻2𝑄𝑄

0

2
    (Eq. 23) 

Finally, the formation constant for the comproportionation reaction 

Q+Q2− ⇄ 2SQ−         (Eq. 24) 

should also be considered: 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 = [SQ]2

[Q]�Q2−�
         (Eq. 25) 

Similarly to the pH dependent reduction potentials, there will be a pH dependent apparent formation constant: 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻
′ = [SQ]𝑇𝑇

2

[Q]�Q2-�𝑇𝑇
          (Eq. 26) 

where [SQ]𝑅𝑅 = [SQ] + [HSQ] and �Q2-�
𝑅𝑅

= [H2Q] + [HQ−] + �Q2-�. This apparent equilibrium constant is 

then related to Equation 25 by: 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 = 𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄
2

𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−

�𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−+𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄�H
+�+�H+�

2
�

�𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄+�H+��
2 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻

′    (Eq. 27) 

The final relation is then: 

𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
0,𝑝𝑝𝐻𝐻 − 𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−

0,𝑝𝑝𝐻𝐻 = 𝑅𝑅𝑅𝑅
𝐹𝐹

ln𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻
′        (Eq. 28) 

Furthermore, an apparent comproportionation reaction constant can be estimated from the observations made 

on DHI-melanin systems by Szpoganicz et al.[45] These two variables are enough, coupled with previously 

reported pKa’s for DHI (see Table 1 & 2) and other literature results[51] [52] [53] to estimate the 1 electron 

reduction potentials of DHI as a function of H2Q concentration. We note, though, that the estimation of an 

apparent comproportionation reaction constant derived from a complex polymer to infer the monomer 

properties naturally presents problems. The behavior of moieties in a complex polymer may only be loosely 

related to the corresponding monomer. However, given that melanin’s properties, especially its free radical 

properties (see aforementioned EPR work in the introduction), can be well described by monomer like 

catechol/quinone chemistry it is a reasonable, if quite rough, initial starting point to use the results obtained 

for DHI-melanin and apply them to DHI. Naturally, the computational work presented here can certainly be 



refined in the future once researchers obtain constants for DHI itself. For more detail, consult the 

supplementary information. 

2.4. Estimating Standard One Electron Reduction Potentials: Accounting for Quinone 

Methide 

DHI/DHI-melanin have an active quinone methide tautomer that can also protonate and deprotonate at 

moderate pH values.[45] [54] Hence, any modelling should account for tautomerisation. This will naturally 

impact the possible reduction potentials. However, in the entire derivation that follows, it assumes that the 

protonated quinone methide [HQM] can also be reduced since it is a similar molecule to the quinone, and as 

such could form a semiquinone like entity. However, the same cannot be said for the deprotonated state [QM-

], which has an additional charge on it and reduction would imply a doubly charged semiquinone. Given the 

above, equations 18 – 28 will have to be rewritten: 

𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
0,𝑝𝑝𝐻𝐻 = 𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄

0 − 𝑅𝑅𝑅𝑅
𝐹𝐹

ln𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄 −
𝑅𝑅𝑅𝑅
𝐹𝐹

ln �1 + 1
𝐾𝐾𝑄𝑄/𝐻𝐻𝑄𝑄𝐻𝐻

� + 𝑅𝑅𝑅𝑅
𝐹𝐹

ln�𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄 + [𝐻𝐻+]�  (Eq. 29) 

𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−
0,𝑝𝑝𝐻𝐻 = 𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−

0 − 𝑅𝑅𝑅𝑅
𝐹𝐹

ln �𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−

𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄
� + 𝑅𝑅𝑅𝑅

𝐹𝐹
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2

𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄+�H+�
� (Eq. 30) 

Where the first three terms in equations 29 and the first two terms in equation 30 are the standard reduction 

potential for the fully protonated reduction reactions. Continuing: 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻
′ = [SQ]𝑇𝑇

2

[𝑄𝑄]𝑇𝑇�Q2-�𝑇𝑇
          (Eq. 31) 

where [SQ]𝑅𝑅 = [SQ] + [HSQ], �Q2-�
𝑅𝑅

= [H2Q] + [HQ−] + �Q2-� and [𝑄𝑄]𝑅𝑅 = [Q] + [HQM].  

Regarding the statement for [𝑄𝑄]𝑅𝑅, as mentioned above, one is assuming that the protonated quinone methide 

can also be reduced but not the deprotonated state. 

Furthermore: 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 = 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻
′ × �1 + 1

𝐾𝐾 𝑄𝑄
𝐻𝐻𝑄𝑄𝐻𝐻

� � 𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄
2

𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄
�
�[𝐻𝐻+]2+𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄[𝐻𝐻+]+𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄�

�𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄+[𝐻𝐻+]�
2     (Eq. 32) 

As can be seen, equation 29 and 32 have been modified to include the tautomerisation constant 𝐾𝐾𝑄𝑄/𝐻𝐻𝑄𝑄𝐻𝐻. The 

estimation of 𝐾𝐾𝑄𝑄/𝐻𝐻𝑄𝑄𝐻𝐻 and the reduction potentials are presented in the supplementary information and the 

results are shown in Tables 1 & 2. 



Molecular 
system 

𝑝𝑝𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄 𝑝𝑝𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄− 𝑝𝑝𝐾𝐾𝑎𝑎,𝐻𝐻𝐻𝐻𝑄𝑄 𝑝𝑝𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄𝐻𝐻 𝑝𝑝𝐾𝐾𝑄𝑄,𝐻𝐻𝑄𝑄𝐻𝐻 𝑝𝑝𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 𝑝𝑝𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻
′  

DHI 9.54(2) [55] 

9.59(2) [45] 

13.09(4) [55] 

12.1(1) [45] 

6.8(2) 

[56] 

- -0.595 to 

0.002a  

-4.72 to   

-3.56 a 

-4.44 to 

-3.04 d 

4.17 to 

5.4b 

4.35 to 

5.75 c 

DHICA 9.76(4) [55] 13.2(1) [55] - - - - - 

Dopamine 9.59(4) [55] 13.11(9) [55] - N/A N/A - - 

1,2 

Catechol 

9.24(6) [55] 

9.45 [48] 

13.0(1) [55] 

12.8 [48] 

5.0 [57] N/A N/A - - 

DHI 

Melanin 

9.44(3) [45] 10.56(5) [45] - 6.3 (3) [45] [54] -0.595 to 

0.002a 

-4.72 to   

-3.56 a 

-4.44 to 

-3.04 d 

4.17 to 

5.4b 

4.35 to 

5.75 c 

a Estimated range determined from an initial H2Q ([H2Q]0) fraction of 0.01 to 0.5. Also assumes Quinone Methide 
tautormerisation. See text for detail and supplementary information for more detail. 

b Estimated range determined from an initial H2Q ([H2Q]0) fraction of 0.01 to 0.5 at pH = 6.3. Also assumes Quinone Methide 
tautormerisation.  See text for detail and supplementary information for more detail. 

c Estimated range determined from an initial H2Q ([H2Q]0) fraction of 0.01 to 0.5 at pH = 6.3. Also assumes no Quinone Methide 
tautomerisation. See text and supplementary information for more detail. 

d Estimated range determined from an initial H2Q ([H2Q]0) fraction of 0.01 to 0.5. Also assumes no Quinone Methide 
tautomerisation. See text and supplementary information for more detail. 
 

Table 1: A table of equilibrium constant values for various related monomers to the building blocks of melanin. The values 

highlighted in bold indicate the values used in the modelling. The values underlined are the estimated values as explained in the 

theory and methods. 

 

Molecular 
system 

𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−
o  

(V) 

𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
o  

(V) 

𝐸𝐸𝑄𝑄/𝑄𝑄2−
o  

(V) 

𝐸𝐸𝐻𝐻𝐻𝐻𝑄𝑄/𝐻𝐻2𝑄𝑄
o  

(V) 

𝐸𝐸𝑄𝑄/𝐻𝐻𝐻𝐻𝑄𝑄
o  

(V) 

𝐸𝐸𝑄𝑄/𝐻𝐻2𝑄𝑄
o  

(V) 

𝐸𝐸𝑄𝑄/𝐻𝐻𝑄𝑄
o,𝑝𝑝𝐻𝐻  

(V) 

𝐸𝐸𝐻𝐻𝑄𝑄/𝑄𝑄2−
o,𝑝𝑝𝐻𝐻  

(V) 

𝐸𝐸𝑄𝑄/𝑄𝑄2−
o, pH  

(V) 

DHI -0.10 to  

-0.068 a 

-0.10 to -

0.06 d 

0.17 to 

0.14 a 

0.16 to 

0.12 d  

0.035 

to 0.04a 

0.03 d 

0.83 to 

0.87 a 

0.84 to 

0.88 d 

0.57 

to 

0.53 a 

0.56 

to 

0.52 d 

0.7 [50] - - - 

DHICA - - - - - 0.85 [50] - - - 

Dopamine - - - - - 0.801 

[59] 

0.603 to 

0.662 

[60] 

- - 0.65 

[61],g 

1,2 

Catechol 

0.043 [48]  0.21 f 0.253 f 1.06 f 0.51 f 0.803 

[62] 

1.06 [48] 

0.79 f 

0.37 

[57],c 

0.21 

[57],c 

 

0.53 

[57],c 



DHI 

Melanin 

-0.10 to  

-0.068 b 

-0.10 to -

0.06 e 

0.17 to 

0.14 b 

0.16 to 

0.12 e 

0.035 

to 0.04b 

0.03 f 

0.83 to 

0.87b 

0.84 to 

0.88e 

0.57 

to 

0.53b 

0.56 

to 

0.52 e 

0.7 e - - - 

a Estimated range determined from an initial H2Q ([H2Q]0) fraction of 0.01 to 0.5. Furthermore, it assumes that the 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 and 
𝑝𝑝𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻

′  values determined for DHI-melanin are a fair estimation for the DHI monomer system. Also assumes Quinone Methide 
tautormerisation. 
b Estimated range determined from an initial H2Q ([H2Q]0) fraction of 0.01 to 0.5. Furthermore, it assumes that the 𝑝𝑝𝐾𝐾𝑎𝑎’s for DHI 
are a fair estimation for the polymer system. Also assumes Quinone Methide tautormerisation. 
c For pH = 7. 
d Estimated range determined from an initial H2Q ([H2Q]0) fraction of 0.01 to 0.5. Furthermore, it assumes that the 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 and 
𝑝𝑝𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑝𝑝𝐻𝐻

′  values determined for DHI-melanin are a fair estimation for the monomer system. Also assumes no quinone methide 
tautomerisation. 
e Estimated range determined from a H2Q initial ([H2Q]0) fraction of 0.01 to 0.5. Furthermore, it assumes that the 𝑝𝑝𝐾𝐾𝑎𝑎’s for DHI are 
a fair estimation for the polymer system. Also assumes no quinone methide tautomerisation. 
f Estimated using equations 18 to 20 and literature data.[48] 
g For pH = 7.0 and corrected for Ag/AgCl electrode. Consult reference for additional pH dependence data points. 
 

Table 2: A table of reduction potentials for various related monomers to the building blocks of melanin. All values quoted are vs 

SHE/NHE unless otherwise stated. The values highlighted in bold indicate the values used in the modelling. The values underlined 

are the estimated values as explained in the theory and methods. 

What is interesting to observe is that, even accounting for tautomerisation, the standard reduction potentials 

are very similar to standard quinone/catechol behavior. Furthermore, even the potentials for the fully 

protonated systems are weakly affected. Hence, one should anticipate that if any difference will be observed 

in the free radical concentration behavior, it will be due to the relative amount of species due to the equilibrium 

constants, and not the reduction potentials. 

2.5. Computational Method 

At different pH levels the proportion of the above mentioned protonated and deprotonated redox reactions will 

differ. To capture this, the simplest method to determine the population of all the species at a given pH is to 

utilize the deprotonated 1 electron reduction in conjunction with the pKa equations (at specific pH value) and 

perform an interactive non-linear regression calculation (see rest of theory section). This automatically will 

yield the overall reduction potential at that pH. The reason the protonated reduction equations do not have to 

be utilised is that these depend on pKa parameters (e.g. equations 21 – 23), which are included in the iterative 

calculation elsewhere. As such, the only equations that are needed for a successful model are equations 1 – 6, 

9 – 11 if one does not account for tautomerisation. If modelling the latter, equations 1 – 11 are needed. 



Tables 1 & 2 shows the values for all constants used in the computational work (highlighted in bold) as derived 

from the literature.  

For computational purposes, Equations 1 – 3 can be considered a set of algebraic equations Fk(x(V)), where k 

is a balance equation, x is a vector x(V) = [x1(V), x2(V)… xn(V) ]  of basic variables xi(V) related to a particular 

variable V. For this work n = 3 and refers to the overall electrical potential E, the pH and the concentration of 

quinone [Q]. V will be the volume of a titrant added (HCl or NaOH). The aim is, at a particular value for V, to 

obtain the vector x(V) that solves the set of Fk(x(V)) = 0 and zeroes the sum of the squares: 

𝑆𝑆𝑆𝑆(𝑉𝑉) = ∑ (𝐹𝐹𝑘𝑘(𝒙𝒙(𝑉𝑉)))2𝑛𝑛
𝑘𝑘=1 = 0       (Eq. 33) 

For this work, the above is determined via an iterative program using MATLAB based upon previously 

published work. [46] [63] Specifically, the optimset functionality was used within the fsolve function with an 

imbedded Levenberg-Marquardt least squares algorithm set to a termination tolerance of the function value of 

10-10. 

3. Results and Discussion 

3.1. DHI Redox Behavior 

DHI’s quinone counterpart is an ortho-quinone, and hence the initial inclination is to treat DHI and its various 

oxidative states according to well established models for such quinones.[48, 49] However, there is additional 

chemistry that needs to be accounted for, since DHI melanin systems exhibit a tautomerisation behavior via 

the formation of a quinone methide (HQM) (Figure 1),[45] which may have an impact on the various 

concentrations of various different species and in turn impact the redox chemistry. As such, two different 

models were employed as described in the methods section. The one treats DHI as a standard ortho-quinone 

system, and the other accounts for the formation of the quinone methide. The results are depicted in Figures 

3 & 4. 

Looking at Figure 3 first, we note that large changes in the behavior of all the chemical species occur around 

a pH of 9. This is clearly illustrated in part b, where there is a flattening of the potential, deviating away from 

the decreasing gradient around pH 9. The origin of the changes in the behavior is most likely due to the pKa 

of the H2Q, which starts at around 9.5 (see Table 1). The changes observed in parts 3a & 3b manifest 

themselves as a large increase in the total number of free radicals, as depicted in Figure 3c.  



 

Figure 3: The results for modelling DHI according to the standard thermodynamic equations for an ortho-quinone. All data 

modelled to an initial H2Q ([H2Q]0 fraction of 0.05. For different starting fractions ranging from 0.25 – 0.5, see Figures S8, which 

gave similar results. A) The concentration of different species as a function of pH. Note the –log10 scale for the concentration. The 

species labels are as taken from Figure 1. B) The calculated potential for the system as a function of pH. Depicted is the modelled 

gradient for the low to neutral pH behavior. C) The concentration of the radical species present as a function of pH, the protonated 

and deprotonated semiquinones. Also shown is the total curve. 

Figure 4 provides an interesting contrast. Instead of clear changes at pH 9, changes in the gradients of the 

concentration of the species occur at around 7, associated with the HQM (see Table 1 pKas). The equivalent 

changes that occur at pH 9 are much subdued in Figure 4 vis-à-vis Figure 3. This is further confirmed by 



inspecting the potential in Figure 4b, which appears to maintain a relatively straight line across the entire pH 

range. The overall effect on the free radical content (SQ- & HSQ) is to moderate the changes. The total free 

radical content is lowered by an order of magnitude at high pH with a clear indication of a potential decrease 

at very high pH. It is clear that when accounting for the quinone methide tautormerisation, the free radical 

content as well as the potential is heavily affected and that DHI should not be considered a simple, 

straightforward ortho-quinone system. 

It is worth understanding the underlying reason for the behaviors observed in Figure 4, as it should give insight 

into more complex poly-indolequinone systems such as melanin and poly-dopamine. One would anticipate 

that when a semiquinone is being formed, that the reactant species, H2Q (catechol) and Q (quinone), would 

be consumed at the same rate, i.e. the slopes at high pH should be parallel. However, this is clearly not the 

case. Instead, the slope for Q runs parallel to the HQM species. It is here that the origin of the suppression of 

the semiquinone production resides. Initially, Q and HQM are parallel, since the tautomerisation is pH 

independent. When the pKa of HQM is reached, the quinone methide deprotonates. Naturally, this depletes 

the HQM pool. The HQM in turn is regenerated by depleting the quinone species, a reactant for semiquinone 

production. Essentially, there is additional competition for Q from HQM deprotonation, which make less Q 

available for semiquinones. Hence, the overall effect is to suppress the semiquinone concentration vis-à-vis a 

system which has no tautomer (Figure 3).    

The potential vs pH curve in Figure 4b is also of interest. At low pH (1 – 6), the gradient is linear, and then 

there is a slight change lower with a similar gradient, but slightly offset. The overall gradient (-59 mV/pH) is 

close to a previously reported gradient by Horak and Weeks (-56 mV/pH between pH 1 – 10)[64] for DHI-

melanin systems synthesized on electrodes, which gives further confidence in the model presented. What is 

of potential interest here is that such a high gradient should make DHI a material of interest for pH sensing, 

for the gradient is unusually high.[65] 

 

 



 

Figure 4: The results for modelling DHI accounting for quinone methide formation. All data modelled to an initial H2Q ([H2Q]0) 

fraction of 0.05. For different starting fractions ranging from 0.25 – 0.5, see Figures S9, which gave similar results. A) The 

concentration of different species as a function of pH. Note the –log10 scale for the concentration. The species labels are as taken 

from Figure 1. B) The calculated potential for the system as a function of pH. Depicted is a modelled straight line gradient. C) The 

concentration of the radical species present as a function of pH, the protonated and deprotonated semiquinones. Also shown is the 

total curve. 

A

B

C



3.2. Implications for more complex systems such as melanin and poly-dopamine 

The key to the model as depicted in Figure 4 is the tautomerization constant used and deduced from 

Szpoganicz et al.[45] [54](see supplementary information), 𝐾𝐾𝑄𝑄/𝐻𝐻𝑄𝑄𝐻𝐻 = [Q]
[HQM] = 0.99 − 3.9. The model 

indicates that there is a significant fraction of quinone methide in a potential DHI solution, which is at least 

consistent with the data from Szpoganicz et al. The deduction of the DHI quinone methide pKa was obtained 

on model DHI compounds, in which a DHI molecule was methylated and allowed to polymerise and compared 

to non-methylated DHI polymers, while observing the effects of buffering in a titration experiment. Since a 

derived experimental result used in the above model is based on a more complex system, a system that is 

closer to a poly-dopamine or a melanin system, it is useful to investigate the applicability of the above 

modelling of DHI to these latter systems. 

It is believed that the effect of the tautomerisation of DHI moieties (and by extension, potentially DHICA 

moieties) in melanin may indeed manifest itself in published electron paramagnetic resonance (EPR) data on 

melanin solutions. As noted in the introduction, melanin is a disordered oligomeric system derived from DHI 

and DHICA, with many of these moieties present on the surface of melanin particles. Hence, we should 

anticipate much of the redox chemistry explored above to be relevant to the melanin systems since melanin 

particle surfaces are redox active. [51] [66] The best experimental EPR work on melanin solutions is by Chio 

et al.,[47, 67] (Figure 5). Chio et al.’s data is attractive in that it is quantitative. Furthermore, EPR is an 

attractive data set to look at since free radicals by their nature are redox active species in the melanins. 

 



Figure 5: The pH/free radical concentration data as reported by Chio et al.[47] Shown as well is work published by Cope et al.[68]. 

However, these latter authors only reported the peak height intensity on an arbitrary scale, and hence their data is not as useful as 

Chio et al.’s data. Though, it is clear that the two data sets are qualitatively similar. 

If one assumed the initial mass concentrations as reported by Chio et al.[47] and a 90/10 mixture of 

DHI/DHICA (to account for COOH content as expected for synthetic melanins),[14] an initial concentration 

of [H2Q]0 + [Q]0 = 0.077 M is obtained. One can then obtain a total free radical concentration using the 

modelling in Figure 3c & 4c and overlay it on the data in Figure 5 to obtain Figure 6.  

 

Figure 6: Presented is the modelling of DHI solutions and the expected radical concentration as a function of pH and comparing 

them to the published data by Chio et al. The blue line assumes a standard quinone system (Standard model, i.e. Figure 3 results) 

and the red line assumes a system accounting for the quinone methide (due to tautomerisation, i.e. Figure 4 results). Both models 

assumed a starting monomer fraction of 0.05 for H2Q ([H2Q]0).    

The first observation is to note that the essential qualitative behavior is correctly captured, i.e. at low pH, the 

radical concentration is constant but it then increases at high pH. However, as can be clearly seen, there are 

differences at high pH. From modelling done on other quinone systems, the increase in semiquinone 

concentration at high pH tends to be many orders of magnitude,[62] i.e. Figure 3, and is represented by the 

blue curve. Yet, melanin is quite different in that the increase is barely 1 order of magnitude. Looking at Figure 

6, it is clear that the red data curve (using Figure 4 modelling) is a better approximation as it decreases the gap 

between model and data by about 1 order of magnitude. Hence, it is clear that tautomerization of the quinone 

and deprotonation of the quinone methide is a major correction to help explain the data. In light of the above, 

the rest of the discussion will follow the modelling that includes the full quinone methide behavior. 
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There is an additional point that needs to be covered. In Chio et al.’s observations, they measured the linewidth 

of their EPR signals and found that it changed dramatically at around pH~6. Concomitantly, there was a 

change in the isotropic g value of the species from ~2.0034 to ~2.0043 with increasing pH, with an inflection 

point around pH~7. What the modelling in Figure 4 & 6 may be indicating is that what Chio et al.[47] were 

observing was the deprotonation of semiquinones with increasing pH. This is similar to the observations 

made[69] [70] in which a line shape analysis showed that there was a pH dependence on the linewidth. It has 

been proposed over the years that there are at least two radical species in melanin,[25] [26] [22] [28] [27] [69] 

[70] [71] [72] [18] with various candidates being proposed along the way. Recent work on solid state melanin 

has suggested that the two species may be a carbon centered radical (g = 2.0033, inference was based purely 

upon the g value) and the other the semiquinone radical (2.0045).[25] [22] Figure 6 may suggest that the 

identity of the carbon centered radical may be a protonated semiquinone. This is similar to suggestions made 

by Chio et al.[47] and others. [69] However, it has been noted that other species may be present,[69] [26] [27] 

and given some stark differences in behavior between solid and solution state measurements[25] (as well as 

computational results[26]) it may be that there is another free radical species of order 1018 spins/gram that 

may be present alongside the semiquinones.  

The data as presented in Figure 6 also has implications for understanding charge transport of the melanins and 

the poly-dopamine systems. It has been demonstrated elsewhere that the semiquinone free radical is a marker 

for the hydration dependent conductivity of melanin in the solid state.[28] The main idea is that, as melanin 

is hydrated, the comproportionation reaction shifts from quinone and catechol to the production of 

semiquinone radicals and hydronium (Figure 2a). However, the data presented in Figures 4 & 6 models both 

the comproportionation reaction and also semiquinone deprotonation, similarly as for other quinone 

systems.[62] [73] Clearly, the comproportionation reaction is insufficient on its own. As a result, the current 

hydration dependent charge transport model[24]  that to date has relied on qualitative arguments based upon 

the comproportionation reaction for understanding[24] [22] [28] [29] needs to be updated to account for 

semiquinone deprotonation.  

However, some additional insight on the comproportionation reaction can be obtained for melanin systems 

based upon the DHI chemistry explored above. In previous work by Motovilov et al.[29], the Gibbs free 

energy of reaction for the comproportionation reaction in melanin was estimated to be around 1.08 eV. The 



calculation was based upon 1,2 benzoquinone redox potentials and appeared to give a result in good agreement 

with the experimental results obtained upon melanin. It suggested that single molecule moieties may give a 

good starting point in understanding these complex polymeric system. However, the estimations were done in 

the absence of accounting for the effects of pH on the redox potentials and didn’t account for the potential 

effects of quinone methide tautomerisation and deprotonation. Hence, a new estimation should be given with 

the benefit of the model as presented in Figure 4 above, since it is also specifically based upon DHI 

information, which is more pertinent to the melanin systems. If one reconsiders the work of Motovilov et 

al.[29], the apparent equilibrium constant they used can be rewritten as 

𝐾𝐾𝐻𝐻 = 𝐾𝐾𝑎𝑎,𝐻𝐻2𝑄𝑄𝐾𝐾𝑎𝑎,𝐻𝐻𝑄𝑄−𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 = 𝑒𝑒−
∆𝐺𝐺
𝑅𝑅𝑅𝑅 

where 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 is found in equation 32 above and ∆𝐺𝐺 reflects the Gibbs free energy of reaction. Given that a 

range of 3.8×103 to 50×103 for 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 has been determined, it translates into a ∆𝐺𝐺 range of 1.12 eV to 1.06 

eV. Given the experimental results of Motovilov et al. yielding a value of 1.08 eV, the model result is well 

within their data. 

3.3. DHI redox chemistry: An explanation for free radical behavior in complex systems? 

Figure 4 & 6 assumed that there is a 5% catechol population (H2Q), in line with previously published 

literature[52] (see also supplementary information). Naturally, since melanin is a disordered material, 5% may 

not always be true. Moreover, since melanin is formed under oxidative conditions[47] [12] [14] [9], one could 

anticipate an even higher content for quinone formation vis-à-vis catechol. Variation in such initial 

concentrations may also explain the differences between the model and a more complex system as seen in 

Figure 6. Thus, the effect of different starting H2Q content is explored in Figure 7, where the initial H2Q 

starting fraction is varied between 1 –25%. 



 

Figure 7: Presented is the modelling of the radical concentration (assuming different initial total fraction of H2Q moieties 

([H2Q]0), see legend) and the data as published by Chio et al. It can be seen that lowering the H2Q concentration does decrease the 

total semiquinone production, with the trend being non-linear.   

Figure 7 shows that lowering the concentration of the initial H2Q fraction leads to a lowering of the total 

semiquinone production at high pH, but not necessarily at low pH. Furthermore, the trend is not linear, and it 

is clearly not enough to account for the discrepancy between the data and the model. It should be clear that 

the initial starting concentration can be lowered even further, but the question then arises as to whether such 

low fractions (<1% H2Q) are representative for melanin or poly-dopamine systems. Hence, initial 

concentrations do not appear to explain the differences seen in Figure 6. 

A key issue is that the DHI curves as presented in Figures 4 – 7 are probably the best that can be achieved in 

light of all the literature results presented above, while allowing only 3 fitting parameters and assuming that 

DHI is directly applicable to melanin. The model, though, is out by a factor of 3 at peak semiquinone 

concentration vs. the data. Nonetheless, to see whether the DHI model can be optimized to the melanin data 

and to test the model sensitivity, the pKas of the various acidic groups were varied. The results are shown in 

Figure 8. The first model (red line) assumes the extremes in the literature values of the pKas, i.e. using the 

values at the extremes of the reported uncertainties. As can be seen, this does not have a significant impact. 

However, the second model, which is similar to Figures 4 – 7 but changing the pKa of the protonated 

semiquinone to 7.5, dramatically decreases the semiquinone peak (parameters used for the models in Figures 

5 – 8 are given in Table 3). What this indicates is that if “wiggle room” in the values of all the pKas are 

1 2 3 4 5 6 7 8 9 10 11 12
1018

1019

1020

R
ad

ic
al

 C
on

c.
 (n

o.
/g

)

pH

 0.01 H2Q Fraction
 0.05 H2Q Fraction
 0.25 H2Q Fraction
 Chio et al.



allowed, the published data can be more easily simulated. Furthermore, this potential variation in the pKas 

will require the deprotonation of all species to shift higher to some extent. However, at such a point we would 

be moving away from the monomer DHI system, and may indeed be moving closer to the average pKas present 

within a polymeric system such as melanin or poly-dopamine. The values of such thermodynamic variables 

needs more careful investigation in the future to substantiate the above considerations.   

 

Figure 8: Optimised models vs published data of Chio et al. The data referred to as the uncertainty edge is predicated on values for 

the pKas at the extremities of their reported uncertainty (see Table 1). The semiquinone Ka adapted model refers to modification of 

the pKas of the semiquinone protonation and quinone methide protonation. The values that were estimated and used can be seen in 

table 3. 

In short, it is easy to imagine that slight changes in the pKas as well as the redox potentials should be able to 

account for the differences seen between the monomer models and the complex polymer data.  

Model 𝒑𝒑𝑲𝑲𝒂𝒂,𝑯𝑯𝟐𝟐𝑸𝑸 𝒑𝒑𝑲𝑲𝒂𝒂,𝑯𝑯𝑸𝑸− 𝒑𝒑𝑲𝑲𝒂𝒂,𝑯𝑯𝑯𝑯𝑸𝑸 𝒑𝒑𝑲𝑲𝒂𝒂,𝑯𝑯𝑸𝑸𝑯𝑯 𝒑𝒑𝑲𝑲𝑸𝑸,𝑯𝑯𝑸𝑸𝑯𝑯 𝒑𝒑𝑲𝑲𝒄𝒄𝒄𝒄𝒄𝒄𝒑𝒑 𝑬𝑬𝑯𝑯𝑸𝑸/𝑸𝑸𝟐𝟐−
o  

(V) 

𝑬𝑬𝑸𝑸/𝑯𝑯𝑸𝑸
o  
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[𝑯𝑯𝟐𝟐𝑸𝑸]𝟎𝟎
𝑪𝑪

 

Figures 7 9.54  13.09  6.8  6.3 -0.595 -4.17 -0.104 0.175 0.01 

Figure 8, 

Red Data 

9.56 13.13 7.0 6 -0.60 -4.46 -0.0981 0.165 0.01 

Figure 8, 

Black 

Data 

9.54 13.09  7.4  6 -0.60 -3.69 -0.074 0.144 0.01 

Table 3: The constants used in the final models depicted in Figure 8. 
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Finally, a question can be raised in regards to the model. It is easy to include COOH deprotonation behavior 

into the DHI model to see if a DHI/DHICA mixture could potentially change the pH dependent behavior, and 

hence give potential insight into melanin behavior. However, after creating such a model, no difference in the 

models could be observed on any of the metrics, including the overall potential. The semiquinone formation 

appears to be independent of the behavior of the COOH groups. This leads to two additional points.  

The first is that the published melanin data should then be replicable using a poly-dopamine system. After all, 

to first order, poly-dopamine can be thought of as a melanin without the COOH groups, i.e. a poly DHI system. 

Thus, all the modelling above (including constant estimations) and the conclusions drawn should be applicable 

to poly-dopamine.  

The second point is that the model may not be completely transferred onto a solid-state melanin system to 

probe questions about conductivity. In the solid-state experiments, in which water content is increased, the 

first order expectation is to get ionization due to dilution, which will lead to proton conductivity. However, as 

recently suggested[29], the protons from the COOH may only be a minor component of the solid-state proton 

conductivity. In short, it remains to be seen whether the above model can actually be transferred over to a 

solid-state situation. 

Overall, it does appear that monomeric DHI behavior is a good first step to explain the gross features of more 

complex poly-indolequinone systems, but certainly not the finer details. The origins of such discrepancies are 

numerous, but a likely candidate is related to the morphology of the underlying oligomeric stacking of the 

materials such as melanin. Different ratios of DHI and DHICA are known to change the morphology and 

hence lead to differences in the observed EPR spectra[74], implying some differences in the underlying redox 

chemistry. 

3.4. Future Work 

The above modelling of DHI does capture many of the key features of more complex systems, and has 

delivered new insight that thus far has never been suggested in the literature. However, the DHI models 

themselves should be considered a work in progress, never mind models to capture the behavior of more 

complex systems. Hence, there is a veritable list of questions to be answered experimentally such as: 



1. What are the experimental 1 electron reduction potentials for DHI in the quinone/semiquinone and 

semiquinone/catechol reactions? 

2. What is the experimental tautomerisation equilibrium constant for the quinone methide formation for 

molecular DHI? 

3. What is the acid dissociation constant for molecular DHI quinone methide in solution? 

4. What are the corresponding values for DHICA and dopamine? 

5. Can one obtain apparent dissociation constants (including the semiquinone dissociation) and reduction 

potentials for poly-dopamine, DHI-melanin and melanin proper (and its various DHI/DHICA ratios)? 

6. Furthermore, and more challenging, can one obtain activity constants for each of the above systems? 

In addition to the above questions, supplementary questions and ways to test the veracity of the models 

presented here can be added. For example, if the model presented here can be applied to poly-dopamine, then 

a replication of the methods of Chio et al. on solution poly-dopamine should yield similar results. In addition, 

if the quinone methide is responsible for the suppression of the semiquinone production, then doing a pH 

dependent EPR experiment on N-methylated DHI should stop the quinone methide tautomerisation (as seen 

by Szpoganicz et al.[45]) and lead to a greater semiquinone content at high pH. Also, if a method can be 

devised to enhance the catechol content of the melanin/DHI/poly-dopamine, then the increase in H2Q content 

should lead to a greater semiquinone content. Finally, potential vs pH curves should be obtained alongside 

any EPR/pH data to confirm the basic behavior of the models. 

Looking further afield, the model presented here can form the basis for understanding DHI/poly-

dopamine/melanin interactions with metal ions, similarly as was done by Szpoganicz et al.[45] However, with 

a greater understanding as presented here, the potential redox reactions with metal ions can also be predicted. 

Finally, the models should form the basis for understanding the solid state, especially pertinent to the melanin 

on which there is systematic hydration dependent conductivity. If adapted for hydration dependent behaviour, 

it may be able to predict what the conductivity behaviour of melanin (and by extension poly-dopamine) should 

be and give insight in potential synthetic strategies for enhancing the conductive properties of the poly-

indolequinone polymers. 

4. Conclusions 



In conclusion, a model has been presented to holistically explain the free radical/redox chemistry for 

dihydroxyindole.  The models indicate the significant role the quinone methide tautomerisation play in the 

redox properties of dihydroxyindole, which thus far has not been reported. Furthermore, estimations for 

various equilibrium constants and reduction potentials are presented. Finally, the redox models presented here 

have explanatory power for more complex poly-indolequinone systems. 
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