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Phenolic Polymers as Model Melanins

Hanaa A. Galeb, Jonas Eichhorn, Sam Harley, Alexander J. Robson, Laurine Martocq,

Steven J. Nicholson, Mark D. Ashton, Hend A. M. Abdelmohsen, Emel Pelit,

Sara J. Baldock, Nathan R. Halcovitch, Benjamin J. Robinson,* Felix H. Schacher,*

Victor Chechik,* Koen Vercruysse,* Adam M. Taylor,* and John G. Hardy*

Melanins are a class of conjugated biopolymers with varying compositions

and functions, which have a variety of potential medical and technical

applications. Here, this work examines the conjugated polymers derived from

a variety of phenolic monomers (catechol (CAT), levodopa (DOPA), and

homogentisic acid (HGA)), using a selection of different analytical chemistry

techniques to compare their properties with a view to understanding

structure–function relations. The polymers display measurable conductivity,

with electronic properties tuned by the functional groups pendant on the

polymer backbones (which served as dopants) suggesting their potential for

application in electronic devices.
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1. Introduction

Melanins are a ubiquitous class of
biopolymers[1] that form colored
pigments.[2] Their heterogeneous chemi-
cal structures and physical properties,[3,4]

and the conjugation of their backbones
result in interesting electronic/optical
properties which are of interest to re-
searchers in academia and industry[5–7] due
to their potential technical[7,8] and medical
applications.[9–11]

In human (and other animal species’)
physiology two distinct types of melanins
are responsible for the coloration of the
skin and hair, namely eumelanin and
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pheomelanin.[12,13] Eumelanin is typically described as a brown
to black colored material built from DOPA as the precur-
sor, and pheomelanin is typically described as a yellow to red
pigment built from a combination of DOPA and the amino
acid cysteine.[14] The biochemical pathways that lead to these
two different classes of melanin are described by the clas-
sic Raper–Mason scheme.[15,16] In this scheme, DOPA under-
goes oxidation and cyclization to intermediates such as 5,6-
dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid which
then polymerizes yielding eumelanin. In the presence of cys-
teine, this pathway is diverted to a different set of inter-
mediates, e.g., 5-S-cysteinyl-DOPA, 1,4-benzothiazine, or 1,4-
benzothiazine-3-carboxylic acid, the polymerization of which
produces pheomelanin.[14,17–19] In human skin melanins are pro-
duced in specialized cells, the melanocytes, inside specialized or-
ganelles, melanosomes, wherein melanins are deposited using
the melanocyte protein PMEL (also known as premelanosome
protein),[20,21] these melanosomes are shed off as extracellular
vesicles and taken up by keratinocytes where melanin is dis-
persed in the cytosol or may be shed from keratinocytes inside
exosomes.[22] Another type of melanin found in human physiol-
ogy is neuromelanin built from dopamine with or without the
presence of cysteine. Neuromelanin is primarily produced in the
substantia nigra and locus coeruleus and accumulates with age.
Both these regions of the brain are targeted in Parkinson’s dis-
ease and the locus coeruleus is targeted in Alzheimer’s disease.
As a consequence, the possible protective or toxic functions of
neuromelanin are extensively studied.[23] Neuromelanin is syn-
thesized using a variety of proteins as templates and are accu-
mulated inside autophagosomes which fuse with lysosomes to
produce an autolysosome. Ultimately these organelles will con-
tain materials with neuromelanin bound to protein and to lipid
materials; primarily dolichols and dolicholic acids. The nature of
these interactions or bonds currently being unknown.[23] Upon
the death of neuromelanin-containing neurons, the neurome-
lanin material is released in the extracellular environment where
it may activate microglia.[24]

In the fungal speciesCryptococcus neoformansmelanin is found
in the organism’s cell wall, covalently bound to chitin or strongly
associated with other polysaccharides like chitosan or plasma
membrane-derived lipids.[25] The polysaccharides are used as
scaffolds for melanin synthesis as the pigment is not retained
in the cell wall in the absence of these polysaccharides; ob-
served in the so-called leaky-melanin phenotypes. Apart from
fungi other microorganisms, yeasts, actinomycetes, or bacteria,
produce melanin-like materials which are often excreted into
the extracellular environment and readily isolated.[26] Plant-based
melanins tend to be brown-to-black pigments commonly found
in seeds but typically devoid of nitrogen.[27] Apart from their pres-
ence in seeds, melanin synthesis in plants is also associated with
the browning reactions that occur in damaged tissues. Although
melanin in seeds is found extracellularly and may be associated
with a polyvinyl aromatic alcohol substance, termed phytome-
lanin, melanins may be produced intracellularly and stored in
melanoplasts.[27]

Many potential purposes or functions of melanins in
the extracellular environment have been suggested and its
extracellular presence could have beneficial or detrimental
consequences.[23,28] Melanins can adhere to a wide variety of

biomolecules found in the biological milieu, with important bio-
logically relevant roles[29–31]; and this has inspired the investiga-
tion of the interactions of melanins and other materials by fun-
damental and application-oriented researchers in academia and
industry.[5,32–36]

Phenolic monomers are common building blocks of melanins
(observed in allomelanin, eumelanin, neuromelanin, pheome-
lanin, and pyomelanin),[37] and are known to play important roles
in intermolecular/material interactions,[38–40] and here we exam-
ine the conjugated polymers derived from a variety of phenolic
monomers (CAT, DOPA, and HGA) to understand the role of
functional groups pendant on the polymer backbones on their
optoelectronic properties.[41] A selection of different analytical
techniques are employed for these studies, including: UV–Vis
spectroscopy, nuclear magnetic resonance (NMR) spectroscopy,
X-ray diffraction (XRD), differential scanning calorimetry (DSC),
X-ray photoelectron spectroscopy (XPS), zeta potential measure-
ments, transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), energy dispersive X-ray (EDX) spec-
troscopy, Fourier-transform infrared (FTIR) spectroscopy, elec-
tron paramagnetic resonance (EPR) spectroscopy, cyclic voltam-
metry (CV), and conductivity measurements. The properties of
the conjugated polymers suggests they may find application in
electronic devices.

2. Results and Discussion

Various methods of polymerization of aromatics (e.g., phe-
nols) exist, including enzymatic,[42–47] electrochemical,[48–57]

oxidative,[58,59] etc. and the polymerization of phenols is the sub-
ject of an excellent review from Kobayashi and co-workers,[58,59]

which examined the propensity for C–C or C–O–C bond forma-
tion which would be expected to play a role in the conductivity
of the resulting polymers (polymers connected via C–C bonds
akin to graphene derivatives[60] are expected to have higher elec-
trical conductivity than polymers connected via C–O–C bonds).
A study from Nishide and co-workers mixing phenol with an ox-
idant (potassium ferricyanide) under basic conditions in water
(pH > 13.5) yielded a mixture of poly(phenyleneoxide)s, where
the constituent monomers were connected either via C–O–C
(Ar–O–Ar, aromatic ether) or C–C (Ar–Ar) bonds.[61] C–O–C
bonds can also form via the combination of two free phenoxy
radicals or indeed via an enzymemediated pathway and the prod-
ucts tend to be complexmixtures including products wherein the
monomers are connected by C–C bonds too.[58]

Indeed, in a previous study we investigated the polymerization
of HGA under various conditions in vitro, specifically in the ab-
sence (control) or presence of enzymes (a laccase, peroxidase, or
tyrosinase) at either pH 5 or 7.4 with a view to understand the
potential role of enzymes and pH on the formation of ochronotic
pigment: we observed interesting trends in the yields of poly-
HGAs produced with subtle differences in their properties; no-
tably, conductive tip atomic force microscopy data for polyHGAs
showed that those generated in the presence of LACC at pH 7.4,
or HRP at pH 7.4 or 5.0, respectively, displayed measurable con-
ductivity owing to the formation of polymers connected via C–C
bonds.[47]

In this study, a green approach was applied using a weakly
basic aqueous solution of the commercially available monomers
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Figure 1. Structures of the monomers (catechol (CAT), levodopa (DOPA), or homogentisic acid (HGA)) used to form model melanins (polyCAT, poly-
DOPA, or polyHGA, respectively) that are studied herein.

Figure 2. UV–Vis spectra of the polymers studied herein.

CAT, DOPA, and HGA (Figure 1) to polymerize the monomers
via autooxidation with a view to understand the potential role
of subtle differences in monomer structure and the prop-
erties of the resulting conjugated polymers, polyCAT, poly-
DOPA, and polyHGA, respectively (Schemes S1–S3, Supporting
Information).
The polymerizations of CAT and DOPA resulted in the forma-

tion of a colored precipitate (isolated by centrifugation and wash-
ing) termed the insoluble or low solubility fraction (polyCAT-LS
or polyDOPA-LS, respectively), and supernatant (that was dia-
lyzed against DI water and lyophilized) termed the high solu-
bility fraction (polyCAT-HS or polyDOPA-HS, respectively); and
under the polymerization conditions used the polymerization of
HGA resulted in the production of only a high solubility fraction
(polyHGA-HS). The polymers showed a broad absorption typical
of melanins in the UV–Vis spectra (Figure 2), which are also sug-
gestive of various oxidation states of the monomeric units consti-

tuting the backbone of the polyCAT-HS, polyCAT-LS, polyDOPA-
HS, polyDOPA-LS, and polyHGA-HS, respectively.
The 1H NMR spectra recorded in D2O of the monomers

CAT, DOPA, and HGA show sharp peaks characteristic of low
molecular weight species (Figures S1–S3, Supporting Informa-
tion, respectively), whereas the 1H NMR spectra of the poly-
mers (polyCAT-HS, polyCAT-LS, polyDOPA-HS, polyDOPA-LS,
and polyHGA-HS) are markedly different. The 1H NMR spec-
tra of the soluble fractions (polyCAT-HS, polyDOPA-HS, and
polyHGA-HS) have some sharp peaks (due to the pendant func-
tional groups) and broad lines characteristic of high molecular
weight species, and the 1H NMR spectra of the low solubility
fractions (polyCAT-LS, polyDOPA-LS) are broader still character-
istic of high molecular weight species and/or aggregation of the
oligomers/polymers that is characteristic of polyphenols[62] and
melanins more generally, leading to relatively featureless solid-
like spectra (Figures S1–S3, Supporting Information). XRD pat-
terns of the samples suggested they were largely amorphous,
confirmed by the very broad peak at 2𝜃 = 15–40° (Figure S4,
Supporting Information), characteristic of natural and synthetic
melanins.[63–66] DSC data (Figures S5–S9, Supporting Informa-
tion) showed endothermic peaks attributed to the presence of
water as previously reported for melanins,[67] but were otherwise
structurally uninformative due to their amorphous nature.
XPS data (Figure 3 and Figure S10, Supporting Information)

confirmed the polymer powders were predominantly composed
of C and O (with traces of N from the NH2 in polyDOPA-HS
and polyDOPA-LS, Na/Ca/F [residual buffer/Kapton tape] and Si
[potentially from underlying substrate]). The C 1s spectra con-
firmed the presence of a number of clear peaks, which we cor-
relate to common carbon binding environments (C–C/H, C–N,
C–O, C=O, O–C=O).[68] Small peaks towards the higher bind-
ing energy side of the C1s spectra may be indicative of 𝜋–𝜋*
shake-up features. The fluorine signal evident in the wide scan
for polyDOPA-LS may also contribute to the higher energy peaks
in the corresponding C 1s spectra.[68] O 1s spectra are fitted with
two major peaks which are expected to correspond to O=C and
O–C bonds in agreement with the C 1s spectra, though some
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minor peaks are also required to fit the spectra potentially in-
dicating a range of different oxidation states. A Na KLL Auger
peak at ≈536 eV is also evident in the O1s spectra for polyHGA-
HS, correlating with the strong Na signal noted in the wide-
scan for this polymer. We note that there are clear differences
between the polymers, in particular the varying levels of C–O
and C=O bonds (plausibly due to both quinones present in all
polymers and carboxylic acids in polyDOPA-LS, polyDOPA-HS,
and polyHGA-HS, respectively) suggestive of differing oxidation
states for the monomers incorporated in the backbone of the
polymers. For polyDOPA-HS and polyDOPA-LS nitrogen N 1s
(Figure S10, Supporting Information) is dominated by a peak
at c. 400 eV (likely corresponding to the amine in DOPA), and
a smaller peak at c. 402 eV (likely corresponding to protonated
amine groups, e.g., NH3

+).[69]

Zeta potential measurements indicate all of the poly-
mers/particles are anionic due to deprotonation of phenols and
carboxylic acids (polyDOPA-LS, polyDOPA-HS, and polyHGA-
HS); the zeta potentials for the polyCAT-HS (−9.83 ± 0.84) and
polyCAT-LS (−17.83 ± 0.75) are somewhat lower than those
of phenol, amine and carboxylic acid containing polyDOPA-HS
(−15.63 ± 1.25) and polyDOPA-LS (−33.03 ± 0.12), and phenol
and carboxylic acid containing polyHGA-HS (−37.00± 3.30). The
interaction of cationic amines with the anionic phenols and car-
boxylic acids presents in polyDOPA account for the lower zeta po-
tentials for polyDOPA than amine-free polyHGA, and the higher
zeta potentials for the LS products than HS products suggest the
hydrophobic parts of the polymers are buried within the particles
with hydrophilic functional groups clustered on the particles’ sur-
faces as the polymers constituting them assemble/aggregate.[70]

TEM, SEM, and EDX were used to study the morphology and
elemental composition of the of the HS and LS polymer fractions
produced. TEM of dilute solutions of the polymers deposited on
TEM grids showed the presence of nanoscale particles of 10–
100 s of nm characteristic of melanins (the formation of which
is proposed to proceed via a nucleation and growth mechanism)
(Figure 4).[6,70] SEM images of lyophilized solutions of the poly-
mers deposited on SEM stubs shows the particles/precipitates
formed were irregularly shaped with sizes between tens to hun-
dreds of micrometers characteristic of melanins (Figure 4); while
the HS particles are generally smaller than the LS precipitates,
there is no meaningful correlation between particle/precipitate
shapes/sizes as the polymers are produced under unconstrained
conditions.[47] By comparison, the shapes/sizes of melanin parti-
cles/precipitates in vivo would be constrained by the intracellu-
lar/extracellular environment in which they are produced. EDX
data suggests that all samples are mainly composed of C and
O for all polymers with a trace of N present in the polyDOPA
samples (similar to the XPS data), with additional traces of Ca,
K, and Na from the buffer, Au (sputter coating) and Si (sub-
strate) (Figure 4 and Figure S11, Supporting Information). Inter-
estingly, EDX data shows that the polymers in the highly soluble
fractions have higher metal ion contents (measured as relative

abundance by EDX) than the low solubility fractions, polyCAT-
HS (Ca: 8.9% ± 0.1%; Na: 0.4% ± 0.1%), polyDOPA-HS (Ca:
8.4% ± 0.1%; Na: 1.6% ± 0.9%), polyHGA-HS (Ca: 0.3% ± 0.1%;
Na: 15.3% ± 0.8%), by comparison with polyCAT-LS (Ca: 2.1% ±

0.4%; Na: 0.1%± 0.1%) and polyDOPA-LS (Ca: 0.2%± 0.1%; Na:
0.0% ± 0.0%), confirming the polyphenol’s ability to bind metal
ions,[71,72] a putative role for melanins in biology[56,73] and under-
pinning their application in energy storage.[74–77]

FTIR spectroscopy was used to analyze the polymers pro-
duced, all of which were broader than for their constituent
monomers as expected for polymeric species with a variety of
chemical environments (Figure 5, Figure S12, Supporting Infor-
mation), characteristic of natural and synthetic melanins.[78] A
discernible difference in the FTIR spectra of all polymers was the
broadening/diminution of peaks at≈970 cm−1 from the aromatic
hydrogens suggestive of C–C bond formation during polymeriza-
tion, with broadening of bands at 1500–1520 cm−1 (aromatic C=C
bonds) and the weak band at ≈1580 cm−1 (aromatic C=C). Peaks
at ≈1200—1210 cm−1 corresponding to phenolic OH.[43,44,79] The
broad bands at ≈3000 cm−1 attributed to aromatic C–H, and at
3400–3200 cm−1 attributed to stretching vibrations of the OH in
all polymers and NH2 in polyDOPAs.

[80–83]

Melanins display paramagnetic character due to free radicals
in their structures (e.g., semiquinone free radicals) which absorb
microwaves under magnetic fields yielding spectra characteris-
tic of the radical species present, consequently EPR spectroscopy
was used to study the powders. X-band EPR spectra of all poly-
mer powders showed single peak centered around g = 2.0023–
2.005, with peak-to-peak width ≈4–5 G, typical of melanin pig-
ments (Figure 6).[5]

Low solubility fractions polyCAT-LS and polyDOPA-LS were
dominated by the signal of a carbon centered radical (g= 2.0033),
typical of eumelanins. PolyHGA-HS sample also showed a sim-
ilar spectrum albeit at a slightly higher g value (2.0036). Inter-
estingly, the two other high-solubility melanins polyCAT-HS and
polyDOPA-HS showed clearly asymmetrical spectra with a high
contribution of the semiquinone radical (Figure 7) which is prob-
ably due to complexation with Ca(II)[84,85] which is present in
these two materials only (see EDX data above).
Cyclic voltammetry can be used to study the reduc-

tion/oxidation processes and electron transfer properties of
polyphenols such as those studied herein (voltammograms for
CAT and polyCATs are shown in in Figure S13 (Supporting
Information), for DOPA and polyDOPA in Figure S14 (Sup-
porting Information), and for HGA and polyHGA in Figure
S15, Supporting Information). The cyclic voltammograms of the
polymers generated in this study at pH 5 typically show anodic
peaks at ≈0.15–0.4 V and the corresponding cathodic peaks at
≈−0.2–0 V versus Ag/AgCl (reference electrode), whereas, at pH
7.4 the oxidation and reduction peaks were less well resolved,
i.e., the polymers were electroactive in acidic medium while
electroinactive in neutral medium. This is consistent with the
literature for polyCATs,[44] polyDOPAs,[86] and polyHGAs,[47]

Figure 3. X-ray photoelectron spectroscopy (XPS) spectra. A) polyCAT-HS C 1s core line spectra. B) polyCAT-HS O 1s core line spectra. C) polyCAT-LS
C 1s core line spectra. D) polyCAT-LS O 1s core line spectra. E) polyDOPA-HS C 1s core line spectra. F) polyDOPA-HS O 1s core line spectra. G)
polyDOPA-LS C 1s core line spectra. H) polyDOPA-LS O 1s core line spectra. I) polyHGA-HS C 1s core line spectra. J) polyHGA-HS O 1s core line
spectra.
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Figure 4. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images of samples studied herein. A) polyCAT-HS TEM.
B) polyCAT-HS SEM (scale bar represents 10 μm). C) polyCAT-LS TEM. D) polyCAT-LS SEM (scale bar represents 10 μm). E) polyDOPA-HS TEM. F)
polyDOPA-HS SEM (scale bar represents 1 μm). G) polyDOPA-LS TEM. H) polyDOPA-LS SEM (scale bar represents 1 μm). I) polyHGA-HS TEM. J)
polyHGA-HS SEM (scale bar represents 1 μm).

Figure 5. Fourier-transform infrared (FTIR) spectra of monomers and polymers. A) Catechol (CAT), polyCAT-HS, and polyCAT-LS. B) levodopa (DOPA),
polyDOPA-HS, and polyDOPA-LS. C) Homogentisic acid (HGA) and polyHGA-HS.

Figure 6. X-band electron paramagnetic resonance (EPR) spectra of poly-
mers studied herein.

Figure 7. Experimental electron paramagnetic resonance (EPR) spec-
trum of polyCAT-HS (black) and simulation (red). The simulation in-
cluded a broad C-centered component (g = 2.0033, 41.6%) and a sharper
semiquinone radical (g = 2.0048, 58.4%).

and confirms the role of protons in the electroactivity of the
polymers.[87] The cyclic voltammograms are consistent after
multiple scans demonstrating their stability under the experi-
mental conditions for the duration of the experiment, and their
unsymmetrical cathodic and anodic peaks are attributed to the
difference in background current and kinetic limitations.[87]

There has been significant interest in correlating the struc-
ture and electronics properties of melanins,[87] and to assess if
the electronic properties of the samples studied herein have elec-
tronic properties useful for application in electronic devices[8,88,89]

their conductance was measured. Interestingly, the powders iso-
lated from lyophilised solutions of the polymers showed them to
be measurably conductive (Figure 8). The polymers had average
log10

G

G0

values of −15.4 ± 1.2, −15.1 ± 1.2, −15.3 ± 1.2, −14.0 ±

1.3 and −13.6 ± 1.3, for polyCAT-HS, polyCAT-LS, polyDOPA-
HS, polyDOPA-LS, and polyHGA-HS, respectively. The differ-
ences in the electronic properties of the polymers[41,90,91] are likely
to be related to a subtle combination of the extended conjugation
length of the LS polymers produced versus HS polymers; the hi-
erarchical assembly of the polymers (governed by intramolecu-
lar and intermolecular interactions)[70,92]; and the ability of the
anionic component of the polymers to serve as a dopant for the
polymers (supported by zeta potential measurements), akin to
self-doped conducting polymers.[93–96]

3. Conclusion

This work follows on from our earlier work that was the first
detailed chemical analysis of polyHGA.[47] Herein polymer-
ization of a variety of phenolic monomers (CAT, DOPA, and
HGA), yielded conjugated polymers polyCAT-HS, polyCAT-LS,
polyDOPA-HS, polyDOPA-LS, or polyHGA-HS, respectively. A
variety of analytical techniques (UV–Vis, NMR, XRD, DSC, XPS,
zeta potential measurements, TEM, SEM, EDX, FTIR, EPR, CV,
and conductivity measurements) were employed to examine the
polymers produced. TEM and SEM images reported here show
the structure of the polyHGA particles that have similarities
to those of polyDOPA formed in geometrically unconstrained

Macromol. Chem. Phys. 2023, 2300025 2300025 (7 of 12) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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conditions. The significance of our findings on HGA and poly-
HGA is important for the field of Alkaptonuria, where it has
long been discussed that the polymeric material that is accu-
mulated from HGA is a polymer derived from benzoquinone
acetic acid.[97,98] This has appeared in the literature regarding
the disease for many decades, with recent interest and advances
in understanding the pathophysiological processes shedding
new light on the chemical behavior of HGA in tissues and
cells.[47,99,100] Understanding the polymerization process offers
new therapeutic opportunities to treat early and established poly-
mer pigmentation in connective tissues of patients with this con-
dition. Furthermore, the experiments revealed interesting trends
in the properties of the polymers, notably conductivity measure-
ment data for the polymers confirmed they displayedmeasurable
conductivity, with electronic properties tuned by the functional
groups pendant on the polymer backbones (which served as
dopants) suggesting their potential for application in electronic
devices.[101–106]

4. Experimental Section

Materials: Unless otherwise noted, all chemicals and consumables
were supplied by Sigma Aldrich (Merck), Gillingham, UK.

Synthesis ofMelanins: An amount of 300mg ofmelanin precursor (cat-
echol (1,2-dihydroxybenzene), CAT; levodopa, DOPA; homogentisic acid,
HGA) was dissolved in 50 mL of acetate buffer (50 × 10−3 m; pH = 6.5)
and the reaction was initiated by the addition of 50 mL of Na2CO3 (50 ×

10−3 m). The mixtures were stirred at room temperature and monitored
using chromatography to ensure that the reaction of the melanin precur-
sor compound was complete. In the cases of melanin precursors DOPA
and catechol, 10 mL of 0.5 m CaCl2 was added to the reaction mixtures; af-
ter standing at room temperature overnight a precipitate was observed to
have formed, the supernatant was collected after centrifugation (5 min at
4 K rpm) and these were dialyzed against DI water for two days (using dial-
ysis tubes withMWCOof 3.5 kDa) and lyophilized (this is termed the “high
solubility fraction”, abbreviated toHS). The precipitates were washedwith:
a) water, b) 0.1 NHCl and c) water, and lyophilized (this is termed the “low
solubility fraction”, abbreviated to LS). For CAT and DOPA a high solubility
fraction and a low solubility fraction were obtained, polyCAT-HS, polyCAT-
LS, polyDOPA-HS, and polyDOPA-LS, respectively; whereas in the case of
HGA it is important to note that only a high solubility fraction was obtained
(polyHGA-HS).

UV–Vis Spectroscopy: Spectra were recorded in UV Quartz cuvettes
(Standard Cell with PTFE Stopper, manufactured in UV Quartz (195 nm–
2.5 μm); path length 10 mm, inside width 10 mm, volume 3.5 ml; outside
dimensions (H × W × D) 45 × 12.5 × 12.5 mm) on an Agilent Technolo-
gies Cary 60 UV–Vis supplied by Thermo Fisher Scientific in Heysham, UK.
Samples were at a concentration of 0.0026 mg mL−1 in water.

Nuclear Magnetic Resonance (NMR) Spectroscopy: 1H NMR
(400 MHz) spectra were recorded using a Bruker AVANCE III 400
NMR spectrometer using residual solvent as internal standards in
deuterated solvents (D2O). Chemical shift (𝛿) values were recorded in
parts per million (ppm).

X-Ray Diffraction (XRD): XRD patterns were recorded using a Rigaku
SmartLab powder diffractometer with a 2𝜃 scattering range of 10° to 90°

and a resolution of 0.1°.
Differential Scanning Calorimetry (DSC): Samples were analyzed using

a Mettler Toledo STARe Calorimeter using airtight aluminum crucibles un-
der an inert nitrogen atmosphere. Each sample was heated from room

temperature to 150 °C at 10 °C min−1 increments before being cooled to
−55 °C. This cycle was repeated a further two times for each sample.

X-Ray Photoelectron Spectroscopy (XPS): AKratos Analytical Axis Supra
X-ray photoelectron spectrometer with a monochromatic Al K𝛼 source
(1.487 keV) was used to analyze surface chemical composition. Powder
samples were mounted using carbon tape in a well-shaped holder. An in-
ternal flood gun was applied for neutralizing charging effects. Wide-scan
spectra were recorded at a pass energy of 160 eV, a step size of 1 eV, and
a sweep time of 120 s. Core line spectra were recorded at a pass energy
of 20 eV, a step size of 0.1 eV, and a sweep time of 120 s. Samples were
measured in triplicate at a take-off angle of 90° (relative to the surface),
power of 225 W (15 kV × 15 mA) and an analysis area of 700 × 300 μm.
Data were quantified and processed by CasaXPS (ver.2.3.23PR 1.0, Casa
Software Ltd) using linear baseline correction and Kratos Analytical sen-
sitivity factors. All spectra were adjusted for charge compensation effects
by offsetting the binding energy relative to the C–C component of the C 1s
spectrum at 284.8 eV.

𝜉 Potential Measurement: Zeta-potentials were measured on a Zeta-
Sizer Nano ZS from (Malvern Instruments, Malvern, UK) via M3-PALS
technique with a laser beam at 633 nm. The detection angle was 13°. All
measurements were performed in three consecutive runs and the values
obtained averaged.

Transmission Electron Microscopy (TEM): For TEM analysis copper
grids were rendered hydrophilic by Ar plasma cleaning for 30 s (Diener
Electronics). An amount of 10 μL of the respective sample solution were
applied to the grid and excess sample was blotted with a filter paper. TEM
images were acquired with a 200 kV FEI Tecnai G2 20 equipped with a 4k ×
4k Eagle HS CCD and a 1k × 1k Olympus MegaView camera for overview
images.

Scanning Electron Microscopy (SEM): Prior to imaging the samples
were sputter coated with a 10 nm layer of gold. The structures were ob-
served using either a JEOL JSM−6390L V operating at 15 kV or a JEOL JSM
7800F scanning electron microscope (JEOL, Welwyn Garden City, UK) op-
erating at 10–15 kV.

Energy Dispersive X-Ray (EDX) Spectroscopy: For qualitative EDX anal-
ysis, the samples were sputter coated with a layer of gold (60 s, 20 mA, 8
× 10−2 mBar, ≈5 nm) using a Quorum Q150RES sputter coater (Quorum
Technologies Ltd) and then investigated using a field-emission SEM JEOL
JSM 7800F with an EDX system (X-Max50, Oxford Instruments, Abingdon,
UK) at 10mm working distance and 10 kV voltage mounted on a brass
JEOL holder with 25mm carbon tables (G3348N, Agar Scientific, Stansted,
UK). Threemeasurements were performed per sample and average results
are presented.

Fourier-Transform Infrared (FTIR) Spectroscopy: All spectra were
recorded using an Agilent Technologies Cary 630 FTIR instrument (Agi-
lent Technologies Ltd., Cheadle, UK) at a resolution of 1 cm−1 and was an
average of 16 scans.

Electron Paramagnetic Resonance (EPR) Spectroscopy: Room tempera-
ture EPR spectra of polyHGA powders were recorded at X-band on a JEOL
X320 spectrometer using 0.1 mW microwave power and 1 G modulation
width (100 kHz modulation frequency). The g values were determined by
using Mn2+ marker. The spectra were simulated using EasySpin toolbox
for MatLab.[107]

Cyclic Voltammetry (CV): Voltammetry was carried out using an Em-
Stat 3+ potentiostat with PSTrace 4.7 software (PalmSensHouten, Nether-
lands) at ambient temperature. The cell comprised of a three-electrode
system with a Ag/AgCl reference electrode, a gold counter electrode
and glassy carbon working electrode (GCE). The GCE was coated with
a film prepared by drying 10 μL of a suspension of polymer (1 mg) in
Nafion perfluorinated resin solution (10 μL of a 5 wt% in mixture of
lower aliphatic alcohols and water, contains 45% water; product num-
ber 510211 from Sigma Aldrich, Gillingham, UK) overnight in a fume
hood at room temperature. Buffer (pH 5 or 7.4, described above) was

Figure 8. Conductance data for polymers studied herein. A) polyCAT-HS I–V curves. B) polyCAT-HS conductance histogram. C) polyCAT-LS I–V curves. D)
polyCAT-LS conductance histogram. E) polyDOPA-HS I–V curves. F) polyDOPA-HS conductance histogram. G) polyDOPA-LS I–V curves. H) polyDOPA-
LS conductance histogram. I) polyHGA-HS I–V curves. J) polyHGA-HS conductance histogram.
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used as the electrolyte, with a scan rate of 0.01 V s−1 between −1
to 1 V.

Conductance Measurements: The setup used is depicted in Figure S16
(Supporting Information). Samples were mounted onto a polished copper
disc using adhesive double sided copper tape, with silver paint covering
one corner. This was installed on an electrically insulating stage inside a
Bruker multimode AFM. A function generator (RS Pro RSDG800, RS cal-
ibrated, 14-bit) was used to apply a varying bias voltage to the sample
(8 V peak to peak 4 Hz triangle wave). A conductive probe made from
0.25 mm diameter gold wire (99.9+%, hard, Goodfellow) cut to a sharp
point was installed in the conductive probe holder of the AFM, such that
the coarse approach z motor could be used to control the probe-sample
separation. The current flowing from sample to probe was amplified by
a 109 VA−1 gain transimpedance amplifier (FEMTO DLPCA-200, FEMTO
Messtechnik GmbH, Berlin, Germany). The applied bias and resulting cur-
rent were digitised and recorded simultaneously using the analog inputs
of the Bruker Nanoscope V SPM controller.

The probe and sample were slowly brought into contact using the z
stepper motor of the AFM, with feedback disengaged. The measured cur-
rent amplitude increased from ≈0 nA when not in contact to a stable non-
zero value once contact was established. Further advancing the probe into
the sample did not change the current amplitude until the probe pushed all
the way through to the copper tape underneath, at which point a very large
conductance (≈several mS) was measured. This showed that the contact
force between the sample and probe did not have a significant effect on the
measurements. Once contact was established, 3072 full waveforms were
measured. This was repeated for three different positions on the sample to
account for variations in sample thickness, contact geometry and engage-
ment force. I–V curves were produced from the aggregate data using ker-
nel density estimation to plot the density distribution of all the measure-
ments. Conductance histograms were produced from log10(

I

V⋅G0
) values

calculated for every data point.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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