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Abstract: Azobenzenes (ABs) are versatile compounds
featured in numerous applications for energy storage
systems, such as solar thermal storages or phase change
materials. Additionally, the reversible one-electron re-
duction of these diazenes to the nitrogen-based radical
anion has been used in battery applications. Although
the oxidation of ABs is normally irreversible, 4,4’-
diamino substitution allows a reversible 2e� oxidation,
which is attributed to the formation of a stable bis-
quinoidal structure. Herein, we present a system that
shows a bipolar redox behaviour. In this way, ABs can
serve not only as anolytes, but also as catholytes. The
resulting redox potentials can be tailored by suitable
amine- and ring-substitution. For the first time, the
solid-state structure of the oxidized form could be
characterized by X-ray diffraction.

Introduction

Since their discovery in 1834 by Mitscherlich, azobenzenes
(ABs) have continuously been present in chemical research.[1]

The straightforward synthesis of simple ABs, and their bright
coloration sparked their application in the dye industry,

where still today 70% of the total dye production is based on
these diazenes.[2] The work of Domagk at the IG Farben
(German for “Dye industry syndicate stock corporation”),
where the antibacterial properties of diazene dyes were
studied, was awarded the Nobel Prize in 1939.[3] With the
identification of the light-induced isomerization from the
stable E- to the metastable Z-isomer by Hartley, the interest
in these compounds has grown even more.[4] In recent years
ABs have found their way into photoactivated
pharmacology,[5] light induced conformation changes in bio-
logical macromolecules[6] or alignments in liquid crystalline
phases,[7] as photon-driven molecular machines,[8] as a tool to
reversibly change shapes of soft materials,[9] or as a Molecular
Wind-up meter.[10] Another important application of ABs are
energy storage systems. Here, the parent E-isomer is
irradiated with light of a specific wavelength, and after
photoisomerization, energy is stored in the resulting Z-state.
This energy can then be released by the backreaction to the
E-configuration. If the Z-isomer has a lower melting point
than the E-isomer, solid-to-liquid phase transition can occur
during the solar energy uptake.[11] This way, thermal energy
from the surrounding medium is additionally stored in the
phase transition, increasing the energy density of these
systems further. So-called molecular solar thermal energy
storage systems (MOST) rely on the storage of solar energy
in bond strain, and an efficient release of this strain. There
are a variety of different methods to release the strain, such
as thermal activation,[12] catalysis[13] or, by electron- or hole-
catalysis.[14,15] The electron catalysis of the back isomerization
proceeds via the formation of a stable radical, which is
located on the N� N bond. The sterically encumbered Z-
isomer is locked in its place due to the rigid nature of the
N=N double bond. If a radical is placed on the diazene
subunit, the nitrogen loses its double bond character and can
rotate unhindered to the E-form. The subsequent transfer of
the electron from an already isomerized E- to another AB in
its Z-state makes this process catalytic in electrons. Similar to
this reductive behavior, a radical produced by the oxidation
of AB undergoes the catalytic isomerization in an analogous
fashion. The difference between both of these transforma-
tions is that the 1e� reduction of AB is a reversible process,
which means that no AB is destroyed, as shown in an electron
triggered energy release from a thiophene based AB with
excellent cyclability.[16]

The reversibility of the reduction of AB has led to yet
another application of AB in energy storage: Recently,
Zhang et al. used AB as the anolyte in redox-flow batteries
(RFB),[17] and soon after a variety of RFB layouts based on
AB followed,[18,19] adding to the ever-increasing space of
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organic, redox-active compounds for electrochemical energy
storage.[20] These AB-based RFB rely on the redox activity
of the N=N azo bond, which can reversibly be reduced to
the radical anion in a 1e� process, followed by an (normally)
irreversible second 1e� reduction to the dianion. The
irreversibility of the second reduction wave was rationalized
by the protonation of the rather basic, electron-rich nitrogen
in the reduced form.[21] The nature of the stable radical
anion has been supported by electron paramagnetic reso-
nance spectroscopy (EPR) of azobenzene-d10, where the
resulting 5-line hyperfine structure confirms one electron
interacting with two equivalent nitrogen atoms.[22] The
product of the second reduction is diamagnetic, and does
not show any EPR signal. Cyclic voltammetry of the more
electron-poor 4,4’-azopyridine, however, shows reversibility
of both 1e� reductions, which is due to the relatively lower
basicity in comparison to unsubstituted AB.[23]

Although the 2e� oxidation of AB is normally irreversible,
substitution in ortho- or para-position of each phenyl unit with
hydroxyl or amino groups can overcome this obstacle. This
change is ascribed to the formation of a stable bis-quinoid
structure of the dication upon oxidation (Figure 1). The
structure of the oxidation product from 4,4’-diamino AB has
not been confirmed yet, although calculations are in agreement
with the proposed bis-quinoid structure.[15] Combining the 1e�

reduction of the azo bond with the 2e� oxidation to the bis-
quinone offers the possibility to employ these compounds as
bipolar substrates in symmetrical RFB, where the same
compound is used as the anolyte and the catholyte. These
symmetrical energy storage systems have advantages over
conventional layouts, as they do not suffer from long-term
capacity decay by transportation of active materials through
the separating membrane.[24] In fact, reversal of the cell’s
polarity after a specific amount of cycles can effectively double
the battery’s lifetime. Here, the imbalance of the redox
equivalents of the oxidation or reduction respectively could
increase the lifetime by polarity reversal further.

As the redox behavior is highly dependent on the solvent
used as well as the electrolyte, we investigated various
conditions to ensure reversibility of the oxidation and the
reduction. Furthermore, we evaluated the effects of changes in
the chemical structure of the aromatic ring, as well as the para-
amino group to elucidate structure–property relationships as
well as to optimize the compounds for electrochemical
applications. To get more insight into the structure of the
oxidized form, its molecular structure was characterized by
single crystal X-ray diffraction. This is, to the best of our
knowledge, the first confirmation of a quinoidal AB structure

obtained from oxidation. The insights into the redox properties
will broaden the use of the AB scaffold in energy storage
systems, expanding the already versatile profile of diazene
compounds.

Results and Discussion

The 4,4’-bisamino AB motif offers two possibilities to diversify
its chemical structure and to study the resulting structure-
redox-properties relationship: substitution pattern on the
aromatic rings, and varying substituents at the amines
(Scheme 1). In this study, both possible positions (2,2’- and
3,3’-) of a symmetrical bis-substituted AB were substituted
with electron-withdrawing fluorine- or electron-donating meth-
oxy groups. Starting from either commercially available or
readily synthesizable 4-bromoanilines 1a–d,[25] 4,4’-dibromo-
ABs 2a–d were prepared in good yields by oxidation with
activated MnO2. The 4,4’-dibromo AB without additional
substituents was prepared by copper catalyzed aerobic cou-
pling of 4-bromoaniline 1e in good yields.[26] The para-Br
substituent conveniently allows to introduce the amino group
via palladium catalyzed Buchwald–Hartwig coupling
reaction.[27] For the ring-substituted AB 3a–d, diethylamine
was employed as the coupling partner of choice. The utilization
of diethylamine instead of dimethylamine is due to its better
solubility as well as easier and safer handling (liquid vs. gas).
The electron-rich methoxy derivatives 3a–b were isolated after
column chromatography in moderate yields, while the yield of
the fluorine derivatives 3c–d was generally lower. We found
evidence of products resulting from nucleophilic aromatic

Figure 1. The reversible 1e� reduction of AB to the anion radical AB� *, the irreversible 2e� reduction to the dianion AB2� , and the proposed 2e�

oxidation to a bis-quinoidal structure AB2+.

Scheme 1. Preparation of symmetric redox-active AB structures 3a–h.
a) Activated MnO2, toluene, 70 °C, 24 h to 48 h. b) CuBr, pyridine,
toluene, 60 °C, under air, 24 h. c) HNR’2, Pd2(dba)3, RuPhos, Cs2CO3,
toluene, 100 °C, 24 h to 72 h.
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substitution of similar electron-poor ABs (see Supporting
Information Figure S28), which results in more tedious
purification and lower yields. Diversification of the amine
functionality was achieved by Buchwald–Hartwig coupling of
the 4,4’-dibromo compound 2e with varying amine partners.
Two aryl (3g–h) and one alkyl amine (3f) were synthesized in
this fashion, while the dimethyl derivative 3e was synthesized
by CuBr coupling of the corresponding aniline (see Supporting
Information page 18).[26]

The solvent and the electrolyte are crucial for a successful
electrochemical experiment. Different combinations of both
were screened. The diethyl derivative 3f was employed as the
model compound in a 2 mM concentration, with 1 mM

decamethylferrocene (Fc*) as an internal standard.
Propylene carbonate (PC), dichloromethane (DCM) and

acetonitrile (ACN) were tested as solvents with 0.2 M tetra-n-
butylammonium hexafluorophosphate (TBAPF6) as electrolyte
(Figure 2). For the green solvent PC, AB 3f showed only
limited solubility, as well as an irreversible reduction. Deproto-
nated pyridazinones are known to irreversibly open propylene
carbonates, and a similar nucleophilic attack could occur with
the very electron-rich radical anion, resulting in the irreversible
reduction.[28] In the case of DCM, no reversible reduction was
observed. On the other hand, the expected 2e� oxidation peak
was split into two fully reversible 1e� oxidations, indicating the
formation of a stable mono-cation radical. This is in accord-
ance with titration experiments, that showed that the chemical
oxidation of 4,4’-diamino AB does indeed proceed via a radical
cation, and both oxidation peaks are electrochemically very
close.[15] DCM was the only solvent we tested that allowed a
differentiation of both 1e� oxidations at slow scanning rates.
Interestingly, when ACN was used as a solvent, the reduction
process became more evident, but still irreversible. This is
surprising, as unsubstituted AB in ACN with TBAPF6 has
already been employed in an asymmetric battery setup and
showed good cyclability.[18] To examine the effect of electro-
lytes, N,N-dimethylformamide (DMF) was employed as the
reference solvent. With lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI), the oxidation
stays reversible but the reduction is irreversible. Additionally,
a second oxidation peak appears that may be referenced to the
initial irreversible reduction, as this peak is not present if only
the oxidation is scanned (see Supporting Information Fig-
ure S5). This large peak-to-peak separation could be due to
the high affinity of Li+ cations with the N=N� motif that forms
upon reduction.[17] This effect might be increased due to the
electron rich motif of the 4,4’-diamino AB versus unsubstituted
AB. Comparing the voltage profiles of tetra-n-butylammonium
tetrafluoroborate (TBABF4) and TBAPF6 solutions highlights
the important role of the electrolyte cation. While the PF6

� salt
shows good reversibility for the 2e� oxidation, as well as for
the 1e� reduction of the parent compound, a low current flow
was observed for the boron equivalent. One reason for that
could be the deposition of insoluble BF4

� salts on the electrode
(see below), as shown by successively scanning (see Supporting
Information Figure S7). Nevertheless, the DMF/TBAPF6 elec-
trolyte system allows to reversibly access three different redox
states of our AB: neutral AB, the reduced radical anion, and
the oxidized bis-quinoidal dication structure.

To optimize the redox activity of 4,4’-amino ABs, the
influence of the amino groups was investigated (Figure 3,
bottom). With the elongation of the alkyl group from methyl
(3e) to ethyl (3 f), no significant change of the peak
potentials or the voltage window was observed, although the
solubility of the ethyl derivative 3f was superior to 3e
(32 mg/mL and 2.1 mg/mL for 3f and 3e in DMF, respec-
tively). Changing the substituents from alkyl to an aromatic
phenyl group (3g) facilitated the reduction by 400 mV, and
shifted the oxidation by +300 mV. This might be explained
by the more electron poor amine, leading ultimately to a
lower electron density in the AB core. When the nitrogen
atom was incorporated into the aromatic carbazole motif
(3h), the redox behavior changes drastically. Compound 3h
is reduced at � 1.10 V and oxidized at 1.47 V, but both of
these reactions proceed irreversibly. As carbazole itself can
show irreversible redox processes with complex reaction

Figure 2. Cyclic voltammograms of model compound 3 f with varying conductive salts and organic solvents. Solutions were prepared with 2 mM of
3 f, 200 mM salt and 1 mM Fc* as an internal standard. Potentials are referenced to the standard and measured with a scan rate of 100 mV/s.
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products, the combination with AB might show a similar
behavior.[29]

Additionally, electron-withdrawing fluorine and electron-
donating methoxy groups were placed in the ortho- or meta-
position of the AB core (Figure 3, top). Here, the most
important observation is the decrease in the reversibility of
ortho-substituted derivatives 3a and 3c. Redox peak positions
can be fine-tuned by adding these groups, but the voltage
window between reduction and oxidation is not larger in
comparison to the unsubstituted analogs, ultimately not
resulting in an improved electrochemical storage potential
(Table 1).

For the diethyl derivative 3f, which shows the largest ΔE
of the tested substrates, good reversibility can be demon-
strated on the CV timescale (Figure 4 top). A linear
relationship between the peak currents and the square root
of the scan rate reveals a diffusion-controlled behavior for
the reduction, as well as for the oxidation (Figure 4 bottom).
Diffusion coefficients for 3f obtained from the Randles–
Sevcik equation give different values depending on which
forward redox process is monitored, with 1.36×10� 6 cm2s� 1

and 8.29×10� 7 cm2s� 1 for reduction and oxidation respec-
tively. These values are comparable to other organic

materials,[30] and to unsubstituted AB.[17] Diffusion coeffi-
cients of the back reactions gave 1.01×10� 6 cm2s� 1 for the
radical anion and 8.73×10� 6 cm2s� 1 for oxidized species 3f2+.
Even at high concentrations of 100 mM or at saturation,
reversibility is observed (SI Figures S9 and S10). According
to these cyclic voltammetry studies, the bis-para-alkylamine
substituted AB offers the possibility to be employed in
symmetrical RFB as a bipolar, redox-active material.

To further explore their electrochemical properties,
charge/discharge studies in an H-cell were performed. As
the application of AB as the anolyte is well established, we
employed compound 3f as the catholyte (see Supporting
Information page 42). AB 3 f2+ was electrochemically syn-
thesized and then cycled in a symmetrical H-cell with neutral
compound (3 f/3f2+) under galvanostatic charge/discharge
(2 C) in DMF (see Supporting Information Figure S22 and
S23). Under these conditions a capacity decay of approx-
imately 30% was observed after 10 cycles. Additionally, the
charging was performed with the chemically oxidized 3f2+ in
a symmetrical H-cell utilizing ACN as the solvent, which

Figure 3. Influence of substitution of the 4,4’-amino AB scaffold in the
cyclic voltammograms of compounds 3a–h in DMF/TBAPF6 electrolyte
measured with a scan rate of 100 mV/s. Measured with and referenced
to Fc*.

Table 1: Peak potentials of substituted ABs 3a–h in DMF/TBAPF6 at
100 mV/s vs Fc*.

Substitution Pattern Ered

/V
Eox

/V
ΔEox-red

/V

2,2’-OMe (3a) � 1.74 0.62 2.36
3,3’-OMe (3b) � 1.49 0.59 2.08
2,2’-F (3c) � 1.54 0.72 2.26
3,3’-F (3d) � 1.34 0.80 2.14
NMe2 (3e) � 1.68 0.64 2.32
NEt2 (3 f) � 1.73 0.63 2.36
NPh2 (3g)

[a] � 1.33 0.94 2.27
NCar (3h)[b] � 1.10 1.47 2.57

[a] Due to low solubility, only 1 mM concentration of substrate.
[b] Irreversible redox behavior.

Figure 4. Electrochemical characterization of 3 f. Top: Cyclic voltammo-
gram of 3 f in 2 mM concentration with 200 mM TBAPF6 conducting
salts at different scan rates from 0.5 V/s to 0.05 V/s. Bottom: Plot of
the reduction and re-oxidant (red) and of the oxidation and re-
reduction (blue) peak currents versus the square root of the scan rate.
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slightly increased the performance (approximately 25%
decay after 10 cycles, see Supporting Information Figure S24
and S25). Unfortunately, we were not able to cycle the 1e�

reduction in DMF, most probably due to the high basicity of
our employed AB 3f, leading to instability over the time-
frame of our cycling experiments.

The reduction of AB has been studied thoroughly, and
the 1e� reduced species has been identified as the radical
anion, while the 2e� species corresponds to the double
deprotonated hydrazine. For the oxidation of 4,4’-disubsti-
tuted AB with amines or with hydroxides, the bis-quinoidal
structure is the assumed species. The formation of the stable
quinone structure by bis-para-substitution is thought to be
responsible for the fully reversible oxidation. Albeit the
occurrence of the quinoidal structure is observed for “Weitz
type” 4,4’-bispyridinium salts,[31] and theoretical calculation
support the presence of a similar bonding type in ABs,[15] to
the best of our knowledge, no experimental characterization
is available. By using the chemical oxidant NOBF4 in ACN
solution, removing the solvent and vapor diffusion of diethyl
ether from DCM, crystals suitable for X-ray diffraction were
obtained. The double positively charged AB crystallized
with two BF4

� anions and one H2O molecule in the P21/n
space group. The low solubility of the crystallized product
might explain the irreversible behavior in electrolyte
solution containing a BF4

� counter ion. The needle-like
crystals appear blue or orange, depending on the viewing
angle. By comparing it with the parent AB, an increase of
the Nazo� Nazo bond length (1.27 to 1.36 Å), as well as a
decrease of the Nazo� Caryl bond length from 1.42 to 1.32 Å
was observed (Figure 5).[32] These lengths are consistent with
density functional theory (DFT) calculations.[15]

Additionally, there is a bond length alternation of
Caryl� Caryl in the ring system. From the bond lengths c, d, e, c’,
d’, and e’, the quinoid characters[34] of δr=0.019 Å and 0.100 Å

are obtained for 3f and 3f2+, respectively. The large value of
0.100 Å supports the fully quinoid structure of the oxidized
form. To verify that the oxidized species formed by chemical
oxidation equals the one formed during electrochemical
analysis, 3f was titrated with NOBF4 (1.0–2.0 eq.) and the
change in absorbance was analyzed. The obtained spectra were
compared to measurements in a spectroelectrochemistry cell
(Figure 6 and Supporting Information page 40).

The experiments show the decrease of the neutral AB 3f
π–π* band at around 470 nm, and an increase of a band at
around 380 nm of 3f2+ . Both spectral changes pass over a
species at 680 nm, which was assigned to a radical cation in
previous studies.[15] This supports that the fully quinoidal
structure obtained by chemical oxidation is the same as that
observed during electrochemical measurements.

Conclusion

We presented the application of 4,4’-diamino ABs as bipolar
redox-active materials. The combination of DMF and
TBAPF6 as an electrolyte allows 1e

� reduction of the N=N
bond, as well as the stable formation of a bis-quinoidal form
by a 2e� oxidation process. We employed our model
substrate as a redox couple 3f/3f2+ in symmetric H-cell
cycling experiments and observed a notable capacity decay
over multiple cycles. Here, additional molecular engineering
is needed to allow for a fully operational symmetrical RFB.
One approach could be the shielding of the resulting
Michael system. Making the whole AB less electron-rich
might facilitate the 1e� reduction for cycling experiments.
The formation of this oxidized form in the hitherto only
predicted oxidation mechanism was further elucidated by X-
ray analysis, which strongly suggests the presence of an
azobenzene-quinoidal structure. By attaching electron do-
nating or withdrawing substituents, the potentials can be
fine-tuned, ranging from � 1.34 to � 1.74 V for the reduction,

Figure 5. Solid-state structures of AB 3 f (from CCDC: 1000644)[32] and
3 f2+ (CCDC: 2247535) from the chemical oxidation with NOBF4.
Solvent molecules, hydrogens and counter anions are omitted for
clarity. Thermal ellipsoids are shown at 50% probability. Bond lengths
in Å: a=1.266, a’=1.363, b=1.423, b’=1.321, c=1.385, c’=1.442,
d=1.382, d’=1.346, e=1.417, e’=1.450.[33]

Figure 6. UV/Vis absorption spectra (left) of 3 f in ACN titrated with
chemical oxidant NOBF4, and spectra resulting from spectroelectro-
chemical analysis (right) of 3 f in ACN. Increasing oxidation from red to
black.
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and 0.59 to 0.80 V for the oxidation. Aryl substituents seem
to influence the redox behavior the most, but show inferior
redox properties, due to their irreversibility and low
solubility. Elongation of alkyl substituents at the amine-
nitrogen improves solubility, while retaining the redox
behavior. These results provide the essential basis for
application of AB derivatives in the important field of
(electrochemical) energy storage.
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