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a b s t r a c t 

Aqueous organic redox flow batteries (AORFBs) have attracted increased interest as sustainable energy 

storage devices due to the desire of increasing electricity production from renewable energy sources. Sev- 

eral organic systems have been tested as redox active systems in AORFBs but few fundamental electro- 

chemical studies exist. This article provides reduction potentials and acid constants, pK a , of nine different 

core-substituted naphthalene diimides (NDI), calculated using density functional theory (DFT). Reduction 

potentials were acquired at each oxidation state for the nine species and were used to achieve a corre- 

lation between the electron donating ability of the substituents and the potential. Cyclic voltammograms 

were simulated using the scheme-of-squares framework to include both electron and proton transfer pro- 

cesses. The results show that the anion radical is unprotonated in the entire pH range, while the dianion 

can be protonated in one or two steps depending on the substituent. The core substituents may also have 

acid-base properties. and optimization of the redox properties for battery applications can therefore be 

obtained both by changing the core substituent and by changing pH of the electrolyte. 

Three core-substituted NDI molecules were studied experimentally and good qualitative agreement 

with the theoretically predicted behaviour was demonstrated. For 2,6-di(dimethylamino)-naphthalene di- 

imide (2DMA-NDI), the calculations showed that one of the DMA substituents could be protonated in the 

accessible pH range and pK a was determined to 3.95 using 1 H NMR spectroscopy. 

The redox mechanism of each molecule was explored and the qualitative agreement between theory 

and experiment clearly shows that this combination provides a better understanding of the systems and 

offers opportunities for further developments. The applicability of NDI for redox flow batteries is finally 

discussed. 

© 2020 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

In the pursuit of environmentally friendly energy storage solu- 

tions for large-scale applications, an increasing amount of atten- 

tion is being directed to the development of aqueous organic re- 

dox flow batteries (AORFBs) [1–5] . Employing organic molecules 

as the redox-active material has the potential of yielding signifi- 

cant advantages in terms of cost and environmental benignity over 
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current technologies which typically rely on lithium, cobalt and 

vanadium [6] . 

The most common type of organic substances used in AORFBs 

is based on quinones, due to their ubiquity, chemical stabil- 

ity and electrochemical reversibility [7] . Many AORFB systems 

with impressive performance have been reported [6 , 8 , 9] , but self- 

association [10 , 11] and chemical stability [7 , 12] are areas that 

hold potential for improvement. While many groups have worked 

on testing flow batteries with different combinations of organic 

molecules and reporting their performance [1–5] , little research fo- 

cus has been directed on studying the fundamental chemistry and 

electrochemistry of organic molecules in the context of their appli- 

cability in AORFBs. 
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One type of molecule that has recently been considered for use 

in AORFBs is naphthalene diimide (NDI) [13] . NDI is a quinone-like 

molecule with two imide groups attached to a naphthalene core. 

The self-associative properties as well as its solubility can be mod- 

ified by choice of the side chain, which reaches from the imide ni- 

trogen. On the other hand, the electronic properties of NDI can be 

tuned by chemical substitution on the naphthalene core, giving a 

large flexibility in the design of the molecule [14] . With the chem- 

ical similarity between NDI and quinones, a deeper investigation of 

NDIs for use in redox flow batteries is merited [15] . NDI has been 

widely used as acceptor and interlayer in organic solar cells [16] , in 

organic field effect transistors [16] , as DNA intercalator [17 , 18] as 

well as for sensor applications [19 , 20] . Electrochemically, NDI has 

mainly been explored in organic solvents and solid-state batteries 

[15 , 21–26] but less in aqueous systems [13] , although it has re- 

cently been tested in a redox flow battery setup [27] . Furthermore, 

an NDI-based polymer was used as a solid-state redox-booster for 

9,10-anthraquinone-2,7-disulfonic acid (AQDS), increasing the ca- 

pacity of the negative electrolyte beyond that of unboosted AQDS 

[28] . 

Previously, our group evaluated the electrochemical properties 

of an N-propyl-dimethylamino naphthalene diimide. The molecule, 

which in the present article is called 2H-NDI, demonstrated a high 

chemical stability and two reversible redox couples at suitable po- 

tentials for AORFB applications [13] . 

In order to better understand and optimize the properties of 

NDI for different applications, it is important to study the relation- 

ship between the chemical structures of the molecules, and their 

reduction potential and pH dependencies. The electrochemical be- 

havior of quinones and quinone-like compounds can be described 

by a system called the scheme of squares , in which an n-electron re- 

duction of a quinone can be coupled to between 0 and n protons, 

opening up ( n + 1) 2 possible species depending on the applied po- 

tential and pH of the solution [18 , 29 , 30] . For a complete character- 

ization of the electrochemistry using the scheme of squares of a 

nine-component system, at least six reduction potentials and six 

pK a values are required. Many, if not most, of these are not pos- 

sible to acquire experimentally, and a computational treatment is 

therefore helpful. 

In the present article, the electrochemical behavior of NDI with 

different substituents on the naphthalene core was investigated. 

Reduction potentials and pK a values at each state of oxidation and 

protonation of nine different core-substituted NDI molecules were 

acquired using density functional theory (DFT). These values were 

used to simulate cyclic voltammograms (CV). Three out of the nine 

species were synthesized and characterized electrochemically. The 

investigated NDI molecules are referred to in the text as 2X-NDI, 

where X denotes a substituent on the naphthalene core. The chem- 

ical structures of 2X-NDI are shown in Fig. 1 . 

2. Experimental 

All electrochemical measurements were done in triplicate. 

Cyclic Voltammetry: Prior to each experiment, a glassy carbon 

working electrode (3 mm in diameter, BASI) was polished with 

0.3 μm alumina (Struers AP-D Suspension) and sonicated in deion- 

ized water for about one minute. A platinum mesh counter elec- 

trode was used together with a reference electrode with Ag/AgCl 

in 3 M NaCl (BASI) that has a potential of 0.214 V vs she. Cyclic 

voltammograms at pH 0 and 1 were collected using 1 M and 0.1 M 

solutions of H 2 SO 4 while the remaining solutions were prepared 

by dissolving 1 mM of material in a pH 7 stock solution of Britton- 

Robinson Universal buffer. The pH was adjusted with either 1 mM 

analyte NDI in 0.5 M HCl or neat 1 M NaOH [35] . Voltammo- 

grams at scan rates of 20, 50 and 100, 250 and 500 mV/s were 

collected with a 90% iR-correction by positive feedback. The CVs 

Fig. 1. Chemical structures of the investigated 2X-NDI molecules. For the DFT cal- 

culations, CH 3 -truncated structures were used for all molecules. The three leftmost 

structures were investigated experimentally. 

were collected in random order with regards to scan rate. NMR 

spectroscopy: A Varian 400 MHz spectrometer was used to record 

all spectra. The probe was a Varian OneNMRProbe with a pro- 

ton observe frequency of 399.95 MHz. pH measurements were 

performed using a Metrohm 827 pH lab pH-meter calibrated us- 

ing buffer solutions (VWR) with pH = 9.0 0, 7.0 0 and 4.00. pK a 

measurements: For 2DMA-NDI, the pK a was measured using 1 H 

NMR spectroscopy. A stock solution containing 2 mM of imida- 

zole, formic acid, and 2-amino-2-(hydroxymethyl)propane-1,3-diol 

(tris) as pH indicators, 0.2 mM 3-(trimethylsilyl)propionic-2,2,3,3- 

d4 acid sodium salt (TSP-D4) as NMR reference as well as 0.5 mM 

2DMA-NDI in 90% H 2 O/10% D 2 O was prepared. In one aliquot, the 

pH was adjusted by addition of concentrated HCl to approximately 

pH = 1, and in another, the pH was raised to about 12 by ad- 

dition of solid NaOH. In order to keep a constant ionic strength 

throughout the series, 0.09 M NaCl was added to the alkaline sam- 

ple. An NMR spectrum with water suppression was collected im- 

mediately after preparation of the highest pH samples, as 2DMA- 

NDI hydrolyzed after about an hour, seen by the strongly blue solu- 

tion turning first green, then yellow. Intermediate pH values were 

acquired by combining the acidic and the alkaline aliquots in dif- 

fering proportions. The experiment was repeated with 2 mM piper- 

azine instead of imidazole, formic acid and tris, in order to account 

for associative effects between the analyte and the pH reference 

molecules. Reported values for pH-shift relationships for the pH 

reference molecules were used to determine solution pH based on 

the measured shift [31] . Calculations and titration curves are given 

in Section 8 in the SI. 

2.1. Synthesis 

2.1.1. 2H-NDI 

(2,7-bis(3-(dimethylamino)propyl)benzo[ lmn ][3,8]phenanthroline- 

1,3,6,8(2H,7H)-tetraone) 

2H-NDI was synthesized according to previously described pro- 

cedures [13 , 32] . 

2.1.2. 2Br-NDI (4,9-dibromo-2,7-bis(3- 

(dimethylamino)propyl)benzo[ lmn ][3,8]phenanthroline- 

1,3,6,8(2H,7H)-tetraone) 

A slightly modified procedure to the one given in the litera- 

ture [33] was used for the bromination of NDI: 17.06 g of NDI 

(39.1 mmol) was dissolved in 37 ml of sulfuric acid in a 100 ml 
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flask resulting in a dark solution. After all the NDI had been dis- 

solved, 6.76 g (23.6 mmol, 0.61 eq) of dibromantin (1,3-dibromo- 

5,5-dimethylhydantoin) was added and the flask was stoppered 

with a rubber septum and left stirring at room temperature. After 

18 h, an additional 3.39 g (11.9 mmol, 0.3 eq) of dibromantin was 

added and the reaction was left for another 20 h. 1.03 g (3.6 mmol, 

0.09 eq) of dibromantin was added as the final portion and the re- 

action left for 22 h. The thick orange mixture was quenched by 

pouring it into icy water. KOH pellets were added under stirring 

at 0 °C until the solution turned a gray orange hue. The suspen- 
sion was extracted three times with chloroform, which was in turn 

evaporated, washed with hexane and acetone (it was found that 

acetone partially washes away the monobrominated species) and 

finally recrystallized from chloroform yielding 12 g of a very fine 

orange powder. Yield: 52%. 
1 H NMR (400 MHz, Chloroform-d) δ 8.98 (s, 2H), 4.31 – 4.22 

(m, 4H), 2.45 (t, J = 7.0 Hz, 4H), 2.24 (s, 12H), 1.99 – 1.85 (m, 4H). 
13 C NMR (101 MHz, Chloroform-d) δ 160.79, 160.75, 138.99, 128.28, 

127.70, 125.32, 124.10, 57.06, 45.23, 39.90, 25.54. 

2.1.3. 2DMA-NDI (4,9-bis(dimethylamino) −2,7-bis(3- 

(dimethylamino)propyl)benzo[ lmn ][3,8]phenanthroline- 

1,3,6,8(2H,7H)-tetraone) 

5 g (8.4 mmol) of 2Br-NDI was added to a 100 ml double- 

necked round-bottom flask and purged three times by alternat- 

ing between vacuum and nitrogen. 15 ml of 2 M (30 mmol, 3.57 

eq) dimethylamine in THF was added and the blood-red mixture 

was left stirring under reflux. After 18 h, the mixture was evap- 

orated into a thick black oil which was dissolved in chloroform 

and washed with alkaline water in a separating funnel. The or- 

ganic phase was dried, and the remaining material was recrystal- 

lized from isopropanol to yield 3.62 g of a dark blue powder. Yield: 

82%. 
1 H NMR (400 MHz, Deuterium Oxide) δ 7.94 (s, 2H), 4.09 (t, 

J = 6.9 Hz, 4H), 3.30 – 3.23 (m, 4H), 3.01 (s, 12H), 2.91 (s, 12H), 

2.16 – 2.07 (m, 4H). 13 C NMR (101 MHz, Deuterium Oxide) δ
163.98, 161.38, 151.25, 123.36, 122.53, 122.24, 105.22, 55.32, 43.31, 

42.69, 37.39, 22.99. 

2.2. Computational details 

All molecules shown in Fig. 1 were studied using density func- 

tional theory (DFT). In the calculations, the dimethylamino-propyl 

groups attached to the imide nitrogens were replaced by CH 3 - 

groups to reduce the computational costs. Owing to the fact that 

these groups are not directly involved in the chemistry at the NDI 

core, this simplification is expected to not affect the predictive 

power of the calculations adversely. 

The DFT calculations were performed using Gaussian 16 Rev. 

B.01 [34] in combination with the M06–2X functional and a triple- 

z 6–311 ++ G 
∗∗ basis set with diffuse and polarization functions on 

all atoms [35] . The M06–2X functional was chosen based on its 

well-proven performance for organic molecules [36] and electron 

transfer potentials of small organic molecules [34] . Solvation was 

treated using the implicit SMD solvation model as implemented 

into Gaussian 16 [38] . Convergence of the structures to the min- 

imum was ensured by testing for, and removal of, all imaginary 

frequencies. 

Proton-coupled electron transfer reactions (PCET) were modeled 

using the computational standard hydrogen electrode [39] which 

assumes the formation of H 2 upon proton abstraction. For example, 

for the oxidation of an arbitrary compound A-H to A Reaction 1 is 

assumed: 

A − H → A + 0 . 5 H 2 (1) 

This offsets the computation with the she scale and changes to 

the redox potential due to pH effects can be estimated using the 

Nernst equation. Electron transfer (ET) potentials were computed 

using the effective absolute potential method [34] to pre-compute 

an effective absolute potential (E abs (eff; she)) for the given compu- 

tational setup from a reference acid-base reaction. Formic acid dis- 

sociation (pK a = 3.77) was used as reference system [35] . E abs (eff; 

she) can be used to offset the absolute reduction or oxidation po- 

tential to the she scale. Accordingly, the reduction potential of the 

ET reactions (E red (ET; she)) was computed as follows: 

E red ( ET ; she ) = E(reduced) − E(oxidized) − E abs (eff ; she) (2) 

Here, E(reduced) and E(oxidized) are the total electrochemical po- 

tentials of the reduced and oxidized species, respectively. These 

values can be obtained from the total Gibbs Free energies (G) 

through Eq. (3) . 

G = −nFE (3) 

where n is the number of transferred electrons (typically n = 1) 

and F the Faraday constant. Owing to the removal of systematic 

errors resulting from the ambiguities related to the otherwise am- 

biguous choice of the absolute potential, this method is able to 

predict ET potentials with high accuracy [34] . 

The effective absolute potential can be connected to the energy 

of solvation of a proton through the hydrogen evolution reaction 

(Reaction 4) 

H 
+ + e − → 0 . 5 H 2 , E 

o = 0V (4) 

Assuming a pH of 0 and the use of the she scale, the effective 

proton solvation energy, G eff( H 
+ ), is given by 

G eff (H 
+ ) = 0 . 5G(H 2 ) − E abs (eff ; she) 

nF 
. (5) 

G(H 2 ) corresponds to the total energy of hydrogen. G eff( H 
+ ) can 

be used to accurately compute the Gibbs Free energy of acid-base 

reactions and thus, their pK a values. 

CVs were simulated in the DigiElch software (Gamry) based on 

data from the DFT calculations. Butler Volmer kinetics were used 

in the simulation with a fast heterogeneous rate constant, k s , of 

1 cms −1 for all electron transfer reactions. The scan rate was set 

to 100 mV s −1 and the forward rate constant, k f , for protonation 

equilibria to 10 9 s −1 [36] . The diffusion coefficient, D, was set to 

2 � 10 −6 cm 
2 s −1 for all 2X-NDI species [13] and 1 � 10 −5 cm 

2 

s − 1 for the proton. The concentration of 2X-NDI was 1 mM. 

3. Results and discussion 

Experimental results have shown that NDI can be reduced in 

two electron transfer steps in aqueous solution [13] . Thus, only the 

addition of the first two electrons was handled computationally. 

In the following sections, an electron transfer reaction is denoted 

“E”, and a chemical reaction step – protonation in this context – is 

denoted “C”. 

3.1. Computational electrochemical results 

In Fig. 2 , the scheme of squares system for 2X-NDI is shown, 

and the corresponding computationally acquired reduction poten- 

tials and pK a values are presented in Table 1 . It should be noted 

that in Fig. 2 , reductions and protonations are depicted on the oxy- 

gen atoms diagonally opposite to each other, although, as shown in 

Table 5 , this is not necessarily the case. 

For all the investigated structures, the protonated radical, 2X- 

NDIH 
●, is largely unattainable across the aqueous pH range, as seen 

by the negative pK a2 values. Thus, in systems where E 1 is more 

3 
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Table 1 

Potentials and pK a -values for the different NDI species. 

X E 1 E 2 E 3 E 4 E 5 E 6 pK a1 pK a2 pK a3 pK a4 pK a5 pK a6 

H −0.20 −0.58 0.39 −0.09 0.87 0.48 −15.48 −5.44 2.90 −17.28 −9.21 0.45 

Br −0.04 −0.48 0.54 0.02 1.09 0.55 −16.16 −6.47 1.98 −19.62 −10.30 −1.28 

F −0.05 −0.49 0.53 0.01 0.98 0.56 −16.60 −6.73 1.78 −18.01 −10.48 −1.25 

CN 0.31 −0.15 0.77 0.38 1.27 0.83 −17.24 −9.62 −0.55 −19.86 −11.31 −3.84 

OH −0.19 −0.59 0.36 −0.09 0.75 0.41 −15.95 −6.72 1.85 −17.16 −10.50 −2.14 

NO 2 0.34 −0.04 0.90 0.51 1.32 1.13 −19.60 −10.50 −1.90 −20.38 −13.29 −2.88 

OMe −0.15 −0.60 0.39 −0.26 0.70 0.34 −11.95 −2.73 3.00 −15.74 −10.42 −0.35 

NH 2 −0.60 −0.90 −0.23 −0.38 0.48 −0.10 −7.27 −0.93 7.70 −13.71 −1.77 3.07 

NH 2 - H 
+ −0.12 −0.54 0.34 −0.08 0.91 0.29 −13.72 −5.93 1.92 −17.64 −8.07 −1.87 

NH 2 –2H 
+ 0.35 −0.08 0.91 0.46 1.40 1.01 −19.78 −10.38 −1.28 −23.48 −15.12 −5.79 

DMA −0.55 −0.74 0.02 −0.29 0.45 0.23 −13.48 −3.89 3.68 −14.73 −7.44 1.50 

DMA- H + −0.13 −0.47 0.27 −0.03 0.81 0.38 −12.82 −6.05 1.51 −19.19 −10.12 −3.22 

DMA-2H + 0.35 −0.11 0.95 0.38 1.39 0.88 −20.60 −10.36 −2.07 −21.98 −14.68 −6.14 

Potentials are referenced vs SHE. 

Fig. 2. Scheme of squares for 2X-NDI. 

positive than E 2 , a cyclic voltammogram starting from E > E 1 , go- 

ing in the negative direction can be predicted to display two sepa- 

rate redox couples. The first redox couple will be pH-independent 

for all these species due to the negative value of pK a2 . The second 

redox couple, however, will display a pH-dependence at pH < pK a3 
due to the coupling of a proton with the second electron transfer. 

If, however, pK a3 is significantly below 0, no pH-dependence will 

be seen, such as for 2CN-NDI and 2NO 2 -NDI, see Table 1 . 

For the two core-aminated species, 2NH 2 -NDI and 2DMA-NDI, 

the scheme of squares has 27 components instead of 9 because 

each of the nine species that is unprotonated on the core-amines 

is in equilibrium with its mono- and di-protonated analogue. How- 

ever, based on the negative values of pK a1 , pK a4 and pK a5 , the 

equilibria involving the three species in the lower left corner of 

the scheme in Fig. 2 can be disregarded. The pK a values governing 

the remaining equilibria are shown in Table 2 for 2NH 2 -NDI and 

Table 3 for 2DMA-NDI. The analysis of the core-aminated species 

is presented in Section 3.1.3 

3.1.1. Reduction mechanism and protonation 

As previously stated, 2X-NDI can be reduced with one or two 

electrons and protonated once or twice, as shown in the scheme 

of squares in Fig. 2 . The singly reduced 2X-NDI generally remains 

in the deprotonated radical anion form, 2X-NDI −●, as protonation 
would hamper charge and radical delocalization. 

If 2X-NDI is reduced with two electrons at pH > pK a3 and 

pK a6 , the fully reduced form will stay deprotonated in the dian- 

ionic form, 2X-NDI 2 −. If instead, the reduction is performed at a 

pH value below pK a3 but above pK a6 , the 2X-NDIH 
− form will pre- 

dominate, for which two different 2X-NDIH 
− tautomers exist, and 

these were studied for all the investigated species with DFT. For 

2X-NDIH 
−, the delocalization of the negative charge is shared by 

the two oxygen atoms opposite to the protonated one. Based on 

the free energies of the optimized structures, their distributions 

among the different forms were calculated, see Table 4 . The most 

energetically favorable form for each structure was used for further 

analysis. Surprisingly, no correlation between the electronegativity 

of the substituent and the preferred form could be seen. 

Similarly, after a two-electron reduction when pH < pK a6 , the 

doubly protonated fully reduced form, 2X-NDIH 2 is acquired, and 

three tautomers exist, see Table 5 , for which the relative Gibbs 

free energies are found in Section 6 in the SI. 2CN-NDI was ex- 

cluded from the tables since pK a3 and pK a6 have negative values, 

see Table 1 . 

Interestingly, most 2X-NDIH 2 species seem to have Form 2 as a 

preferred arrangement. As 2X-NDIH 2 lacks the resonance stabiliza- 

tion that its deprotonated form has, the electrostatic interactions 

between the hydroxyl groups and the substituents should play a 

relatively large role. Therefore, the hydroxyl groups should tend 

to be either close to, or far away from the substituents. However, 

the most polarized configuration, Form 2, is generally seen, with 

the only deviation observed for the strongly electron-donating NH 2 

groups, which instead tend towards Form 3. Looking at Form 1, 

hydrogen bonding between the hydroxyl group and electron-rich 

groups such as NH 2 was expected to decrease the energy for the 

structure, but instead, Form 1 is energetically disfavored for all 

substituents. 

3.1.2. Cyclic voltammetry simulations – non-core-aminated species 

CVs for the 2X-NDI species were simulated at different pH 

values, as shown for 2H-NDI and 2Br-NDI in Fig. 3 , with 
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Table 2 

pK a values for amine protonation equilibria for the components of the scheme of squares for 2NH 2 -NDI. 

2NH 2 -NDI 2NH 2 -NDI ̄● 2NH 2 -NDIH ● 2NH 2 -NDI 2 − 2NH 2 -NDIH − 2NH 2 -NDIH 2 
−7.3 0.9 −4.1 6.9 1.1 −3.8 

NH 2 /NH 3 
+ -NDI NH 2 /NH 3 

+ -NDI ̄● NH 2 /NH 3 
+ -NDIH ● NH 2 /NH 3 

+ -NDI 2 − NH 2 /NH 3 
+ -NDIH − NH 2 /NH 3 

+ -NDIH 2 
−11.6 −3.6 −8.1 4.2 1.0 −2.9 

2NH 3 
+ -NDI 2NH 3 

+ -NDI ̄● 2NH 3 
+ -NDIH ● 2NH 3 

+ -NDI 2 − 2NH 3 
+ -NDIH − 2NH 3 

+ -NDIH 2 

Table 3 

pK a values for amine protonation equilibria for the components of the scheme of squares for 2DMA-NDI. 

2DMA-NDI 2DMA-NDI ̄● 2DMA-NDIH ● 2DMA-NDI 2 − 2DMA-NDIH − 2DMA-NDIH 2 
1.7 8.8 6.7 13.4 11.2 6.4 

DMA/DMAH + -NDI DMA/DMAH + -NDI ̄● DMA/DMAH + -NDIH ● DMA/DMAH + -NDI 2 − DMA/DMAH + -NDIH − DMA/DMAH + -NDIH 2 
−2.1 6.0 1.7 12.1 8.5 5.6 

2DMAH + -NDI 2DMAH + -NDI ̄● 2DMAH + -NDIH ● 2DMAH + -NDI 2 − 2DMAH + -NDIH − 2DMAH + -NDIH 2 

Fig. 3. Simulated CVs at various pH for a) 2H-NDI, pH 0–7, b) 2Br-NDI, pH 0–7. The pH increases to the left. 

Table 4 

Distributions between the two tautomeric forms of the 

mono-protonated fully reduced species, 2X-NDIH − . 

Form 1 Form 2 

X 

H ∗ 100.00% 

Br 79% 21% 

F 32% 68% 

OH 1% 99% 

OMe 22% 78% 

NH 2 100% 0% 

∗ Form 1 and Form 2 are identical for 2H-NDI. 

accompanying potential – pH diagrams in Fig. 4 . Correspond- 

ing graphs for the remaining 2X-NDI species are presented in 

Section 2 in the SI. The pH-dependence for the hydrogen evolu- 

tion reaction (HER) is included in the potential – pH diagrams to 

illustrate the possible interference between the reduction of NDI 

and the reduction of protons or water. 

All investigated non-core-aminated molecules exhibit two sep- 

arate redox couples, revealing a high stability of the formed radi- 

cal anion state, 2X-NDI −●. The expected pH-independence for the 
first electron is seen due to the negative pK a2 values of all the in- 

vestigated molecules. From the CV simulations, electrode surface 

concentrations of the produced species during the potential sweep 

were extracted and used to help determine the reduction/oxidation 

mechanisms at each pH. Surface concentrations as well as the main 

Table 5 

Distributions between the three tautomeric forms of the 

di-protonated fully reduced species, 2X-NDIH 2 . 

Form 1 Form 2 Form 3 

X 

H ∗ 2% 96% 2% 

Br 4% 95% 1% 

F 3% 94% 3% 

OH 0% 75% 25% 

OMe 1% 82% 16% 

NH 2 0% 9% 91% 

∗ Form 1 and Form 3 are identical for 2H-NDI. 

reductive/oxidative pathway for each species at selected pH values, 

are given in Sections 3 and 4 in the SI. 

At pH values exceeding 7, none of the two-electron reductions 

are accompanied by protons. At low pH values, however, on NDI 

di-substituted with H, Br or F both oxygen atoms are protonated, 

while with OH or OMe only one oxygen is protonated. 2CN-NDI 

and 2NO 2 -NDI remain unprotonated throughout the investigated 

pH-range. 

3.1.3. Cyclic voltammetry simulations – core-aminated species 

The core-aminated species were simulated with a larger set of 

reactions since protonation equilibria for the core-amines needed 

to be included as well, thus expanding the scheme of squares, see 

Tables 2 , 3 and Fig. 5 . 
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Fig. 4. Simulated potential – pH dependence of a) 2H-NDI and b) 2Br-NDI. The blue and red markers represent the anodic and cathodic peak potentials for the first and 

second electron transfers respectively. The diagonal dashed black line indicates the potential for the HER. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 

Fig. 5. Reactions included in the CV simulation of a) 2NH 2 -NDI and b) 2DMA-NDI. 

Generally, a protonation reaction was included if its pK a value 

was above −2, but sometimes, in order to reduce system complex- 

ity, an equilibrium with a relatively high pK a value was excluded 

because it had a relatively much lower pK a value than a competing 

equilibrium. The simulated CVs for 2NH 2 -NDI and 2DMA-NDI are 

shown in Fig. 6 and their potential – pH dependencies in Fig. 7 . 

2NH 2 -NDI has only one redox couple at low pH values because 

the first electron transfer is immediately followed by a protona- 

tion on the core amine, which has a pK a value of 0.9, see Fig. 5 a, 

reaction C a2 . The formed protonated radical, 2NH 2 ( H 
+ )-NDI −●, is 

reduced at a more positive potential than that for the first elec- 

tron transfer and only one peak is observed. This behavior is seen 

even at pH values considerably exceeding the pK a value of 0.9, 

and this is due to the consumption of the protonated species, 

2NH 2 ( H 
+ )-NDI −●, that are reduced when formed, and the equilib- 

rium is driven towards further protonation. In Fig. 8 , surface con- 

centrations for the reduction of 2NH 2 -NDI at selected pH values 

are shown. At pH 0 and potentials below −0.5 V, most of the 

reduced species occur in the core-protonated form, 2NH 2 (2H 
+ )- 

NDI 2 −, but a smaller amount of 2NH 2 -NDIH 2 is seen as well. Due 

to the negative reduction potential of the radical anion, 2NH 2 - 

NDI −●, see E 2 in Fig. 5 a, 2 NH 2 -NDIH 2 is formed either through 

the convoluted E 1 C a2 E a2 C b3 C a4 C 6 pathway or through the E 1 C 2 E 4 C 6 
pathway. At pH 3, the surface concentration distribution is largely 

the same as at pH 0 with the exception of the occurrence of 2NH 2 - 

NDIH 
−and that some anion radicals, 2NH 2 -NDI 

−●, persist instead 
of being protonated on the core amine. Further increasing the pH 

to 7 and above yields two separate redox couples with decreasing 

6 
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Fig. 6. Simulated CVs at various pH for the two core-aminated species. pH increases to the left. a) 2NH 2 -NDI, pH 0–9, b) 2DMA-NDI, pH 0–12. 

Fig. 7. Simulated potential – pH dependence of a) 2NH 2 -NDI and b) 2DMA-NDI. The blue and red markers represent the anodic and cathodic peak potentials for the first 

and second electron transfers respectively. The diagonal dashed black line indicates the potential for the HER. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 8. Surface concentrations for 2NH 2 -NDI at a) pH 0, b) pH 3 and c) pH 7. 

pH-dependence at increasing pH that reach a separation of roughly 

0.3 V at pH 9, see Fig. 7 a. 

For 2DMA-NDI, the dimethylamine substituents are more ba- 

sic than the primary amines on 2NH 2 -NDI and the molecule is 

therefore more readily protonated on the core than on the oxy- 

gen atoms. The potential-pH dependence of 2DMA-NDI is mir- 

rored to that of 2NH 2 -NDI, where at low pH, two redox couples 

occur, and merge at pH values above 3, see Fig. 7 b. At pH 0, 

the first peak at 0.22 V has a potential expected of a concerted 

E a1 C aa2 reaction through �G = −RTlnK and Eq. (3) , yielding E = 

−0 . 13 V + 
RT ln ( 10 −6 . 0 ) 

−nF . The second electron transfer has a reduction 

potential of −0.11 V corresponding to E aa2 . At pH 3, the starting 

material is the fully deprotonated species and the C a1 E a1 C aa2 E aa2 
pathway is seen, based on the reduction potential, see Fig. 5 b. At 

neutral pH, the reaction follows E 1 C a2 E a2 C aa3 with only the start- 

ing material and zwitterionic 2DMA(2H 
+ )-NDI 2 − occurring in any 

appreciable amounts ( Fig. 9 ). This is the selected pathway up to 

pH 10, after which eventually the peak starts dividing into two, as 

core-deprotonated species occur at pH above 12. However, 2DMA- 

NDI was found experimentally to rapidly decompose at pH values 

7 
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Fig. 9. Surface concentrations for 2DMA-NDI at a) pH 0, b) pH 3 and c) pH 7. 

Fig. 10. Hammett correlations for the a) E 1 , b) E 2 and c) E 2 C 3 reduction pathways. 

exceeding 12 and this behavior is therefore unlikely to be possible 

to observe experimentally. 

3.1.4. Hammett parameters 

In order to establish a structure-property relationship for the 

2X-NDI species, an analysis using Hammett parameters was done. 

Hammett parameters can be used to gage the sensitivity, ρ , 

of a system to electron-withdrawing and electron-donating sub- 

stituents [37] . Fig. 10 a and b show how the computationally ac- 

quired reduction potentials of 2X-NDI vary with substituent for the 

two electron transfers unaccompanied by protons. Fig. 10 c shows 

the correlation for the concerted E 2 C 3 reaction from the radical 

anion, 2X-NDI −●. There are different types of Hammett parameters 

[38] based on the nature of the interaction, as well as the position 

of the substituent. σ p 
− and σ p 

+ are used if resonance effects are 
expected to come into play, whereas σm and σ p are used for sub- 

stituents meta and para to the investigated part of the molecule, 

historically the carboxylic group on benzoic acid [38] . 

The potentials correlate well with the σm and σ p parameters 

as seen in Fig. 10 , but not as well for the σ p 
− and σ p 

+ set, with 

the exception of σ p 
− for E 2 C 3 . This is an indication that the sub- 

stituent effect on NDI is mainly inductive in nature, perhaps as a 

consequence of the naphthalene core and the imides being cross- 

conjugated. Hammett correlation data is given in Section 7 in the 

SI. 

On the investigated 2X-NDI species, the substituents are in the 

diagonally opposite 2,6-positions, and the para-position for the one 

side will correspond to the meta-position for the other. Therefore, 

it is reasonable that the correlations between the potentials are 

equally good for both the σm and σ p parameter sets. The correla- 

tion parameters allow for a fast first prediction of reduction poten- 

tials for other substituents than those included in this work sim- 

ply by inserting their Hammett parameters in the formulae given 

in Fig. 10 . 

3.2. Experimental electrochemical results 

CVs for 2H-NDI, 2Br-NDI and 2DMA-NDI at different pH values 

are shown in Fig. 11 and their potential – pH diagrams in Fig. 12 . 

Qualitatively, the redox behavior of both 2H-NDI and 2Br-NDI 

show good agreement with DFT results. The first, more positive, 

electron transfer is independent of pH in the investigated range 

while the potential for the second electron transfer decreases 

by 120 mV between pH 0 and pH 1 for 2H-NDI and 100 mV 

for 2Br-NDI, roughly corresponding to 1e −/2H 
+ . This number de- 

creases gradually until the second electron transfer becomes pH- 

independent above approximately pH 3.5 for 2H-NDI and pH 4 for 

2Br-NDI. From the DFT results, as was seen in Fig. 3 , the potentials 

decrease by 88 mV for 2H-NDI and 59 mV for 2Br-NDI between 

pH 0 and pH 1 and then become independent of pH at around 

pH 4 for 2H-NDI and pH 3 for 2Br-NDI, which correspond to their 

respective pK a6 values. The higher experimental value of the po- 

tential – pH slope at low pH values indicates that the calculated 

pK a3 value was slightly underestimated for both species. The point 

where the second electron becomes pH-independent, however, was 

estimated quite accurately, and the calculated pK a6 values for 2H- 

NDI and 2Br-NDI are quite close to true. The calculated pK a3 and 

pK a6 values were 2.9 and 0.5 for 2H-NDI and 2.0 and −1.3 2Br-NDI 

respectively, see Table 1 . 

2DMA-NDI only has one peak in the investigated pH range, in 

contrast to the simulations which predicted two redox couples at 

low pH. The difference is caused by an underestimation of E aa2 
and/or an overestimation of E a1 and the pK a for C aa2 . At low pH, 

the potential-pH slope is close to 30 mV, indicating a 2e −/1H 
+ 

8 



C. Wiberg, M. Busch, L. Evenäs et al. Electrochimica Acta 367 (2021) 137480 

Fig. 11. Variation of CVs with pH for 1 mM a) 2H-NDI, pH 0–7, b) 2Br-NDI, pH 0–7 and c) 2DMA-NDI, pH 0–12. Sweep rate: 100 mV s − 1 . The pH increases to the left. 

Fig. 12. Potential – pH dependence on the experimentally investigated NDI species at a concentration of 1 mM. a) 2H-NDI, b) 2Br-NDI and c) 2DMA-NDI. The blue and red 

markers represent the anodic and cathodic peak potentials for the first and second electron transfers respectively. The dashed black line indicates the potential for the HER. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

mechanism but, interestingly, at pH values above roughly 4.5, the 

slope increases to 60 mV or 2e −/2H 
+ . Looking at the simulated 

surface concentrations of 2DMA-NDI during a CV, see Fig. 7 , it is 

seen that one proton is acquired at pH 0, and two protons at pH 

3 and above, showing good correlation between the simulations 

and experiments. The unconventional behavior of the redox reac- 

tion including a higher number of protons at higher pH values is 

thus explained by the starting material existing in its protonated 

form at lower pH values. 

Experimental pK a values of 2DMA-NDI were acquired by col- 

lecting 1 H NMR spectra at a series of varying pH values. The 

sidechain amine was found to have a pK a value of 9.15, which is 

comparable to results from a previously reported potentiometric 

titration of 2H-NDI [13] . In that experiment, however, 2H-NDI was 

found to precipitate out of solution at pH 8.1 due to the depro- 

tonated species being of neutral charge, so no pK a value could be 

acquired. For 2DMA-NDI, only one of the core-dimethylamines was 

found to be possible to protonate in the aqueous pH range, with 

pK a = 3.95 - roughly two units higher than was predicted by DFT 

calculations. The size of this error is in line with the current level 

of accuracy that can be achieved by DFT-based pK a predictions. The 

pK a value for protonating the second amine was predicted to be 

−2.1, which is supported by the NMR titration data for which more 

information can be found in Section 8 in the SI. 

3.3. Applicability for redox flow batteries 

In order to have electrochemical properties that enable use in 

AORFBs, a molecule needs to have reversible electron transfers 

at as negative potentials as possible without incurring efficiency 

losses due to hydrogen evolution. Many of the examined molecules 

have a declining pH-dependence at increasing pH, allowing for the 

position of the potential in relationship to the HER to be tuned by 

Table 6 

Calculated reduction potentials at pH 0 and pH 7 for 2X-NDI. 

E vs SHE (V) - pH 0 E vs SHE (V) - pH 7 

X 1st e − 2nd e − Average 1st e − 2nd e − Average 

H −0.20 −0.38 −0.29 −0.20 −0.58 −0.39 

Br −0.04 −0.36 −0.20 −0.04 −0.48 −0.26 

F −0.05 −0.38 −0.22 −0.05 −0.49 −0.27 

CN 0.31 −0.15 0.08 0.31 −0.15 0.08 

OH −0.19 −0.48 −0.33 −0.19 −0.59 −0.39 

NO 2 0.36 0.01 0.18 0.34 −0.04 0.15 

OMe −0.16 −0.41 −0.28 −0.15 −0.60 −0.38 

2NH 2 -NDI −0.40 −0.40 −0.40 −0.60 −0.84 −0.72 

2DMA-NDI 0.22 −0.11 0.05 −0.31 −0.31 −0.31 

changing the pH. The molecules in the negative electrolyte are re- 

duced upon charging in a full cell redox flow battery (RFB) system. 

Therefore, the HER constrains the rate at which the battery can 

be charged, as higher overpotentials will result in a larger portion 

of hydrogen being evolved, and a decrease in coulombic efficiency. 

However, the carbonaceous materials used as electrodes in RFBs 

are poor electrocatalysts for hydrogen evolution, and therefore, the 

thermodynamic potential of the HER can often be surpassed sig- 

nificantly without suffering from the parasitic reaction [9 , 39 , 40] . 

The reduction potentials acquired from the CV simulations at 

pH 0 and pH 7 are shown in Table 6 . Comparing the experimental 

results presented in Fig. 12 to the computational results in Table 6 , 

it can be seen that the reduction potentials for 2H-NDI and 2Br- 

NDI were predicted 120–200 mV more negative than found exper- 

imentally. The calculated potential for 2DMA-NDI was only 27 mV 

lower than the experimental value at pH 0, and 90 mV lower than 

found at pH 7. Therefore, the influence of the HER in a redox 

flow battery application might be less than what would be pre- 

dicted from the presented potentials obtained by DFT calculations. 

9 



C. Wiberg, M. Busch, L. Evenäs et al. Electrochimica Acta 367 (2021) 137480 

Nonetheless, a higher coulombic efficiency due to a decreased 

impact of the HER would be expected at either pH 0 or pH 7 com- 

pared to the values in between. 

Looking at using 2X-NDI in the negative electrolyte, the non- 

aminated molecules would yield two potential plateaus in a gal- 

vanostatic charge experiment, while 2DMA-NDI and 2NH 2 -NDI 

would yield one or two plateaus depending on the pH. Conse- 

quently, in the conditions where two plateaus are observed, the 

first half of the capacity would be possible to charge with a large 

applied overpotential and a high charging rate, while the second 

would need to take longer in order to avoid the HER. Depending 

on the application, the ability to fast-charge part of the capacity 

could be beneficial. 

The calculated reduction potential of 2NH 2 -NDI is between 300 

and 400 mV more negative than that of the HER throughout the 

pH range, which likely makes its reduction too negative to access 

in a battery configuration. However, if the potential was underesti- 

mated in the calculations, as was the case for 2H-NDI and 2Br-NDI, 

the negative potential of 2NH 2 -NDI could make it an interesting 

candidate and an experimental assessment would be justified, if a 

viable synthesis route can be found. 2CN-NDI and 2NO 2 -NDI could 

find application in the positive electrolyte, especially if their po- 

tentials share the underestimation that was seen for the two syn- 

thesized non-aminated molecules. 

The average value of the potentials was taken in order to com- 

pare the molecules. 2H-NDI, 2OH-NDI, 2OMe-NDI, 2DMA-NDI and 

2NH 2 -NDI have reduction potentials that would merit experimen- 

tal investigation. 

In the case of a symmetric redox flow battery that uses the 

same molecule in both the negative and positive electrolyte, a large 

potential difference between the first and the second electron is 

desired. No molecule in the studied set shows a separation of more 

than 0.5 V, which would be needed for expedient application in a 

symmetric AORFB setup. 

4. Conclusion 

The electrochemistry of nine NDI molecules, differentiated by 

their core-functionalization, have been studied computationally, 

and three of them experimentally. A comprehensive selection of 

thermodynamic data was acquired from DFT-calculations and used 

to simulate CVs and gain mechanistic insight into the redox be- 

havior of the molecules. Most of the species were characterized 

by having a first pH-independent electron transfer followed by 

a second electron transfer that was pH-dependent at low pH to 

gradually become pH-independent with increasing pH. The ex- 

ception was the two core-aminated molecules which had a more 

complex redox behavior, on which the results from the simula- 

tions were decisive. 2DMA-NDI showed a counterintuitive lower 

pH-dependence at lower pH, which was attributed to the core- 

protonation of the starting material. 1 H NMR spectroscopy was 

used to determine the pK a of 2DMA-NDI and it was found that 

the sidechain dimethylamine group has a pK a of 9.15 and the core 

dimethylamine group could only accept one proton with a pK a of 

3.95. 

A structure-property relationship for the 2X-NDI species were 

established using Hammett parameters, ρ . Linear dependencies 

were obtained between the reduction potential for the first and 

second electron transfer, respectively, and σm and σ p . These corre- 

lations allow for a first prediction of reduction potentials for other 

substituents than those included in this work. 

2H-NDI, 2OH-NDI, 2OMe-NDI, 2NH 2 -NDI and 2DMA-NDI were 

identified as potential RFB candidates, out of which 2H-NDI and 

2DMA-NDI are currently being studied in redox flow batteries by 

this group. 
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