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Abstract: Chiral biomimetic nanostructures were success-
fully synthesized through the oxidative polymerization of
chiral and achiral catecholamines in the presence of opti-
cally active 1,2-diaminocyclohexane (DACH). Analysis of
these nanostructures using circular dichroism confirmed
their chiral nature, demonstrating the feasibility of inducing
chirality in achiral polycatecholamine materials. Furthermore,
the chiral nanostructures exhibited self-assembly behaviour,
forming distinctive patterns or curly carpets-like structures
on silicon surfaces. The arrangement and morphology of these
structures were closely linked to the amount of DACH and its
inherent chirality. Additionally, the self-assembly process was
shown to be significantly influenced by the pH of the reaction
and the choice of supporting materials. These findings are
particularly relevant in the context of molecular self-assembly
of nanoaggregates/particles generated during dopamine poly-
merization, suggesting a promising avenue for the develop-
ment of novel chiral polycatechols-based materials.

Keywords: chiral nanomaterials, polydopamine, catechol,
chirality, DACH

1 Introduction

Among the diverse range of molecules applied in organic
synthesis and material chemistry, 1,2-diaminocyclohexane
(DACH) has garnered significant attention from the scientific
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community. This optically active diamine has been utilized in
the synthesis of chiral ligands that have demonstrated broad
applications in organocatalytic asymmetric reactions and
chiral recognition [1-3]. Additionally, DACH has found use
in the synthesis of a novel class of macrocycles, termed tri-
anglimines, which are produced from selected aromatic dia-
ldehydes [4,5]. The DACH molecules have additionally found
application in the synthesis of molecular cages, giganto-
cycles and perovskite, thus demonstrating the extensive
versatility of this chiral building block [6,7]. Furthermore,
the DACH also creates a backbone for the molecules that are
used as organocatalysts and chiral auxiliary as well as intri-
guing chiral photoactive materials [8]. It has also been shown
that DACH macrocycles-based sorbents exhibit remarkable
moisture sorption properties. In this report, it has been
proved that the hydration state of the trianglimines crystal
can be visualized over a wide temperature range, making it
an important tool for studying the dynamics of water mole-
cules in materials [9].
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Polycatecholamines have garnered significant atten-
tion from scientific communities due to their biocompat-
ibility and straightforward preparation methods, which
enable the production of nanoparticles and coatings on
various substrates with different chemical characteristics
[10-14]. One of the most well-known and versatile materials
belonging to this group is polydopamine (PDA) [15-20]. This
black biomimetic polymer with strong adhesive properties
is synthesized through oxidative polymerization of dopa-
mine in basic conditions. Although the PDA structure is still
somewhat elusive, the literature suggests that it consists of
an indole ring connected via aromatic carbon atoms and
may contain free, open ethylamino chains [21]. Further-
more, the presence of quinone groups allowed its functio-
nalization with amines and thiols. Lately, the scope of PDA
functionalization has been extended to azide rendering it
capable for click chemistry [22,23]. In order to obtain mod-
ified PDA coatings, scientists have developed a promising
strategy that involves adding various amine-bearing mole-
cules to dopamine polymerization reactions [24,25]. This
approach has been extended by different groups which,
added branched polyethyleneimine with different molecular
weights to dopamine polymerization reactions, resulting in
the production of a novel coating material that can be applied
in various applications [26-28]. The precise control of dopa-
mine polymerization reactions has led to the development of
PDA nanomaterials, which are versatile and multifunctional
nanoplatforms for combined oncological therapies [29-31].
Moreover, the use of naturally occurring catecholamines
such as chiral L-DOPA and norepinephrine has enabled the
preparation of new coatings and particles for different appli-
cations, including material chemistry and medicine [32-35].

Chiral nanomaterials have come under considerable
attention across various scientific disciplines, distinguished
by their unique properties that have broad implications in
fields ranging from catalysis to medicine [36-40]. The domain
of inorganic chiral nanoparticles, particularly those based on
gold, silica, or cobalt oxide, has seen rapid development due
to their promising applications. Recent contributions by Prato
and colleagues in synthesizing chiral carbon quantum dots
have expanded the repertoire of chiral nanomaterials [41,42]
showcasing properties that could revolutionize sensor tech-
nology, drug delivery, and beyond. Similarly, the Kumar
group has pioneered the use of natural chiral compounds
like glutathione and citric acid as starting materials for chiral
carbon nanostructures, further bridging the gap between
organic chemistry and nanotechnology [43]. The Rogach
group’s extensive research on transferring chirality from bio-
logically-derived compounds to carbon nanomaterials have
set a precedent for the synthesis of chiral structures with
enhanced functionality.
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Despite these advancements, the exploration of chiral
nanoparticles in the realm of polymeric and soft materials
remains relatively nascent. A notable exception is the work
by Awasthi et al., who reported the synthesis of chiral PDA
nanoribbons using phenylalanine-based amphiphiles as
soft templates [44]. This innovative approach underscores
the potential of leveraging biomolecules for the directed
synthesis of chiral polymeric materials. However, the synth-
esis of chiral polymeric polycatecholamine nanomaterials,
particularly through the induction of chirality from a
dopant to the resultant polycatechol structures, is yet to
be reported. This uncharted territory represents fertile
ground for breakthroughs in the development of new,
innovative chiral nanomaterials.

Here we describe a new approach for the synthesis of
chiral polycatecholamines nanostructures, a frontier yet to
be fully explored in chiral nanomaterials research. By inte-
grating a chiral molecule — DACH into the molecular archi-
tecture during the polymerization of catecholamines such
as dopamine, L-DOPA, and D/L-norepinephrine under basic
conditions — we have unlocked a new class of materials.
These chiral polycatecholamines not only embody the
inherent biocompatibility and versatility of their base com-
pounds but also introduce a novel chiral dimension that
significantly influences their self-assembly and surface
interaction properties. A hallmark of our findings is the
discovery of unique patterns formed on silicon wafers
through the self-assembly of these chiral polycatechola-
mines. This morphological innovation contrasts sharply
with the traditional patterns observed in PDA and related
materials synthesis, underscoring the pivotal role of chiral
DACH in directing the self-assembly process. Thus, our
work not only contributes a novel material to the chiral
nanomaterials landscape but also addresses a significant
research gap by demonstrating the feasibility of inducing
chirality in PDA and related polymers through the dopant’s
molecular architecture. This approach signifies a step for-
ward in the rational design and synthesis of chiral mate-
rials, offering a replicable strategy for researchers seeking
to infuse chirality into other polymeric systems both macro
and nanoscale.

2 Methods

2.1 Materials

Dopamine hydrochloride was purchased from Alfa Aesar.
L-DOPA was purchased from Ambeed, D/L-norepinephrine
and TRIZMA base were provided by Merck Life Sciences. In
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all reactions, the MiliQ water was used characterized by
resistivity of 18.2 MQ cm at 25°C.

2.2 Nanoparticles characterization

The TEM images of obtained materials were obtained using
the Transmission Electron Microscope JEM-1400 (JEOL,
Japan). To prepare a sample, a drop of the reaction mixture
of particles in water was added on a Lacey Formvar/
Carbon grid (300 mesh, Copper approx. grid hole size:
63 um) and left to dry overnight. Both dynamic light scat-
tering (DLS) and zeta potential were recorded using Zeta
Malvern Zetasizer Nano ZS. The morphology of the mate-
rials was imaged by scanning electron microscopy (SEM)
Quanta 250 FEG, FEL The circular dichroism (CD)/UV-VIS mea-
surements were performed on JASCO J-810 (JASCO, Tokyo,
Japan) at ambient temperature. Spectra were recorded in
the range of 190400 nm in TRIS solutions at 200 nm/min,
with data pitch of 0.5nm with 6 accumulations to keep the
noise at the acceptable level. The measurements were made
in an N, flow (15 L/min) at the optical path length of 1.0 mm.
Samples were measured after synthesis without additional
dilution (concentrations were the same for all solutions).
Due to the nature of the obtained oligomers, UV spectra are
a composite of the absorption of the analysed compounds and
their dispersion in solution.

2.3 General protocol for reaction
polymerization of catecholamine in the
presence of DACH

In a 25 cm® round bottom flask, 2 mL of DACH stock solu-
tion (12mg in 10 mL of TRIS buffer, 10 mmol, pH = 9) was
added, followed by the addition of dopamine hydrochloride
(2mg) in TRIS buffer (10 mmol, pH = 9, 1mL). The final
volume of the reaction was adjusted to 10 mL. The reaction
was stirred exposed to air at a speed of 100 rpm. After 24 h,
the crude reaction mixture was centrifuged at 12,400 rpm
for 10 min. The obtained particles were collected, washed
once with water, and then redispersed in fresh water. The
molar ratio between dopamine and DACH was controlled by
changing the volume of DACH from the stock solution. In
order to prepare SEM samples, a supernatant of 20 uL
obtained from the reactions between DACH and dopamine
was drop casted onto a silicon wafer. This solution was then
allowed to evaporate under ambient temperature. The same
procedure was applied to the obtained particles respired in
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water. It is worth emphasizing that the phenomenon of
dopamine polymerization in the presence of DACH results
in the formation of two distinct fractions. One comprises
solid particles present in relatively small quantities that
can be effectively isolated. The other type is comprised of
small aggregates or oligomers that remain in solution. In the
case of dopamine, both material fractions were investigated
by SEM. In the case of L-DOPA, we did not observe precipita-
tion of particles; therefore, we drop casted the raw mixture
on a silicon wafer. For D/L-norepinephrine, only a very
small amount of particles could be centrifuged and sepa-
rated from the supernatant before drop casting on a silicon
support.

2.4 Influence of the pH and support on the
self-assembly process

To investigate the impact of pH on the self-assembly pro-
cess of particles generated through the reaction between
dopamine and DACH on silicon support, we conducted a
series of experiments wherein we varied the pH of the TRIS
buffer from 7.5 to 9.5 with a step change of 0.5 in the pH
value. Additionally, we explored the effect of support on
the self-assembly of the same particles by substituting the
silicon wafer with a glass slide and aluminium foil.

3 Results and discussion

The schematic representation of the polymerization of
catecholamines in the presence of DACH is illustrated in
Scheme 1.

3.1 Approach A - reaction between (R,R)-
DACH and dopamine

In our preliminary exploration of chiral polycatechola-
mines, we embarked on the polymerization of dopamine,
which is devoid of stereogenic centres and thus, inherently
achiral. The polymerization was facilitated in the presence
of the chiral catalyst (R,R)-DACH, which is characterized by
two amino groups tethered to a six-membered aliphatic
ring. The polymerization process was conducted within a
TRIS buffer solution, maintaining a pH of 9 and a dopamine
concentration of 1 x 10~ mol. To assess the influence of
(R,R)-DACH on the morphology of the resulting DACH-PDA
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Scheme 1: The general approach to synthesis of chiral polycatecholamines with the addition of DACH.

particles, the experiment was executed across varying
molar ratios of DACH to dopamine, spanning from 2:1 to
0.25:0:1.

Following the well-documented Raper—-Mason mechanism,
the polymerization commences with the oxidation of dopamine
to dopaquinone, which subsequentially undergoes cyclization to
yield leucodopaminochrome [45,46]. This intermediate is
then transformed into 5,6-dihydroxyindole, constituting
the foundational unit of PDA. Concurrently, the nascent
PDA oligomers commence agglomeration, culminating in
the formation of insoluble particles. The reaction’s culmi-
nation point is marked by the segregation of two distinct
fractions: an insoluble component, amenable to centrifu-
gation and separation, and supernatants enriched with
smaller oligomers manifesting as nanoaggregates. The
intricate structure of PDA remains a subject of ongoing
debate within the scholarly discourse. However, it is
acknowledged that the presence of quinone groups within
PDA facilitates reactivity with nucleophilic entities, such
as amines and thiols, through mechanisms including
Schiff base formation and Michael-type addition reac-
tions. In our experimental approach, (R,R)-DACH, which
possesses two amino functionalities, was utilized to inter-
link with those groups, subsequently affecting the growth

of PDA particles during polymerization (Figure 1 and
Figure S1). A notable attribute of these particles was their
high monodispersity, as quantitatively corroborated by the
polydispersity index (PDI) values, ranging from 0.028 to
0.168, as determined via DLS measurements (Table S1). These
PDI metrics are atypical for PDA particles synthesized via
alternative methodologies. Moreover, the particles demon-
strated high colloidal stability in aqueous environments, as
evidenced by their pronouncedly negative zeta potential
values.

To dissect the morphology of the residual low-mass
oligomer/nanoaggregates dispersed within the solution, a
methodology involving drop-casting onto silicon wafers
was meticulously applied, succeeded by an examination
through SEM. This analytical probe revealed the emer-
gence of distinct “dumpling-like structures.” Notably, the
morphological attributes, encompassing both dimensions
and the degree of uniformity of these structures, were
observed to be intricately influenced by the molar ratio
of DACH to dopamine employed during the polymerization
process. It was discerned that a reduction in the DACH
concentration precipitated the formation of “dumplings”
that were not only smaller in size but also exhibited a
marked increase in uniformity, as visually encapsulated
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Figure 1: The SEM images of (R,R)-DACH-PDA particles obtained with different molar ratios of (R,R)-DACH to dopamine: (a) 2:1, (b) 1:1, (c) 0.5:1, and

(d) 0.25:0.1.

in Figure 2, delineating a comparative analysis between
panels A and D.

It is imperative to acknowledge the seminal work by
Zhang et al,, which delineated the formation of PDA nanoag-
gregates via dopamine polymerization in the milieu of achiral
ethylenediamine, facilitating the emergence of fractal pat-
terns on silicon through a dynamic self-assembly mechanism
[47]. This assembly is propelled by solvent evaporation, indu-
cing a multidirectional aggregation of particles through the
capillary and Marangoni flows, culminating in fractal forma-
tions. In the context of our study, while analogous dynamics
are conceivable, fractal patterns were not observed. Instead,
our investigations unveiled the formation of micrometric
“dumpling-like” structures, attributable to the inclusion of
(R,R)-DACH during polymerization. The bivalent nature of
(R,R)-DACH, featuring two diamine groups, fosters attach-
ment to PDA aggregates at divergent angles relative to the
planar configuration and bulkier cyclohexane ring of ethyle-
nediamine. Consequently, the morphologies resulting from
dynamic self-assembly in our experiments diverge signifi-
cantly from those previously reported. To further explore

this phenomenon, a series of experiments were conducted
across a pH spectrum of 7.5-9.5 in the TRIS buffer, given
the pivotal role of pH in the polymerization and subsequent
self-assembly of PDA nanoaggregates (Figure S2). A focused
examination on two molar ratios of dopamine to (R,R)-DACH,
1:1 and 0.25:1, revealed pronounced morphological distinc-
tions in the resultant patterns. Scanning electron microscopy
(SEM) analysis corroborated that “dumpling-like structures”
predominantly emerged at pH values of 9 and 9.5, whereas a
reduction in pH favoured the development of ordered film-
like structures, especially pronounced at a (R,R)-DACH:dopa-
mine ratio of 0.25:1. Irrespective of the pH conditions, the
formation of spherical and well-dispersed solid particles
was observed, with optimal morphology manifesting at
elevated pH values. However, particle agglomeration
was notably evident at a pH of 7.5 for both examined
ratios (Figures S3-S5).

Subsequent investigations aimed to ascertain the impact of
substrate character on the self-assembly process. Supernatants
derived post-polymerization between (R,R)-DACH and dopa-
mine, in ratios of 1:1 and 0.25:1, were drop-casted onto glass
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Figure 2: The SEM images of the self-assembled pattern of (R,R)-DACH-PDA obtained with different molar ratios of (R,R)-DACH:dopamine: (a) 2:1,

(b) 1:1, (c) 0.5:1, and (d) 0.25:1.

and aluminium foil substrates, contrasting in surface chemical
composition. SEM analyses revealed that “dumpling-like
structures” failed to materialize on these alternative sub-
strates, instead adopting film-like arrangements (Figure S6).
This observation underscores the criticality of interactions
between nanoaggregates and the substrate in dictating the
self-assembly trajectory. Nevertheless, the replacement of
silicon wafers with aluminium or glass substrates did not
significantly alter the morphology or behaviour of the solid
particles yielded from the reaction (Figure S7).

After evaluating the self-assembly process and particle
formation in the reaction of (R,R)-DACH and dopamine, we
move to the evaluation of their chiral structure by means
of CD experiments which also prove the influence of DACH
on the structure of obtained polymers. The CD measure-
ments for materials obtained from dopamine polymeriza-
tion in the presence of (R,R)-DACH were performed on both
the supernatant and the particle suspension. Since the con-
centration of the obtained suspension of particles was low,
it was decided to perform further research on supernatant
solutions. Because the shape of the CD spectra was the

same in both cases, it was assumed that the spatial struc-
ture of the obtained particles is analogous, and the frac-
tions differ only in length and possible cross-linking of the
obtained polymer particles (Figure 3a).

In order to estimate the amount of the chiral compo-
nent involved in the polymerization and built within the
structure of DACH-PDA, a number of measurements with
different amounts of DACH were performed.

Since PDA is not optically active, the Cotton effects
visible in the CD spectrum come only from the change in
its structure during polymerization with DACH. Since DACH
does not have absorbing chromophores in the tested range,
it can be assumed that the spectrum is generated by the
mutual arrangement of chromophores present in PDA. A
series of measurements with different molar ratios of PDA
to DACH showed that the effect of the chiral conformation of
PDA molecules begins to be visible in the CD spectrum at a
ratio of 0.25:1 and becomes maximal at a ratio of 1:1 (Figure 3b).
Increasing the molar ratio to 2:1 did not result in any further
increase in Cotton’s effects. In order to determine the
thermal stability of the obtained material after CD
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Figure 3: (a) CD spectra of supernatant (blue line) and particles (black line) obtained in the reaction of (R,R)-DACH with dopamine at molar ratio 1:1.

(b) CD spectra of (R,R)-DACH-PDA materials obtained from different molar

measurements, the same sample obtained in the reaction
(R,R)-DACH:dopamine at the ratio 1:1 was incubated at
80°C for 2h. No changes in the CD spectra indicate that
the chiral structure of the molecules is thermally stable.
The CD spectra of the material suspension before and after
incubation are shown in Figure 4a. Due to the structure of
the substrates used for polymerization, the question arose
whether they are resistant to acids. In this case, there may
be both protonation of the amino groups and hydrolysis of
the imines that may have resulted from the reaction to form
the material. Since protonation of amines occurs almost
instantaneously and hydrolysis of imines is slower, CD
spectra of the material were measured immediately after
protonation and after 2h. and it was proven that it is not
dependent on the protonation of amino groups (Figure 4b).

ratios of dopamine to DACH.

3.2 Path B - reaction of L-DOPA with chiral
1,2-diaminocyclohexane

In the subsequent phase of our research, we decided to
employ L-DOPA, a naturally occurring precursor for the
synthesis of melanin, as a means to generate adhesive coat-
ings and particles for various applications through oxida-
tive polymerization, similar to dopamine. The structure of
the resulting PLDOPA remains unidentified, displaying a
comparable level of heterogeneity to PDA. The initial stages
of polymerization may also adhere to the Raper—-Mason
mechanisms observed in PDA. Unlike dopamine, PLDOPA
possesses a stereogenic centre that could potentially influence
the behaviour of molecular self-assembly. Furthermore,
L-DOPA, being an amino acid, may exhibit distinct interactions

64 a) supernatant 1:1 b) supernatant 1:1 6
—— after 2 hours at 80 °C —— HCI T=2min
4] —— HCI T=2h [ 4
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Figure 4: (a) CD spectra of the material (R,R)-DACH-PDA after protonation with 2M HCL after 2 min and 2 h. (b) The same sample after protonation with

2 M HCl after 2 min and 2 h.
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Figure 5: The SEM images of the self-assembled pattern of (R,R)-DACH-PLDOPA particles obtained with different ratios of DACH to L-DOPA: (a) 2:1,

(b) 1:1, (c) 0.5:1, (d) 0.25:1, and (e) only PLDOPA.

with DACH due to the presence of a carboxylic group, thereby
influencing the formation of surface patterns. Ultimately, we
hypothesized that the reaction with different DACH enantio-
mers could yield different diastereomeric products, conse-
quently altering the self-assembly process and resulting in
variations in morphology and patterns. Our preliminary
experiment involved the reaction of L-DOPA with (R,R)-
DACH under conditions similar to those used for dopamine
while maintaining an L-DOPA concentration of 1 x 10 mol.
After 24 h, solid particles could not be separated from the
mixture even at a speed of 14,000 rpm, indicating the presence

of stable oligomers/nanoaggregates. As a result, we directly
applied the sample onto a silicon support.

The morphology of the structures obtained is illu-
strated in Figure 5. The alteration of the substrate in the
reaction seems to have an impact on their morphology, as
the formation of the “microdumpling” structure was not
observed. Instead, a dense fibrous carpet was formed.
Interestingly, similar carpet formations were also observed
with L-DOPA, indicating that the influence of (R,R)-DACH
on the resulting patterns may not be as significant as in
dopamine polymerization. We hypothesized that the
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interactions between (R,R)-DACH and PLDOPA nanoaggre-
gates and their arrangement play a crucial role in the
formation of these patterns. To determine the size of
nanoaggregates/particles in the reaction mixture, DLS ana-
lysis was conducted. The analysis revealed a significant var-
iation in particle sizes, with a PDI index above 0.3, indicating
polydispersity in terms of particle size for all tested DACH:L-
Dopa ratios as well as for pure PLDOPA (Table S2). This
diversity in particle sizes affects the self-assembly process
during sample evaporation, thereby influencing the resulting
patterns. The wide range of particle sizes observed may be
attributed to the heterogeneous integration of DACH mole-
cules within the nanoaggregates/nanoparticles formed during
the polymerization process. This, in turn, leads to the devel-
opment of different fractions of particles that contribute to
the production of PLDOPA. Furthermore, it is important to
consider the potential influence of the intrinsic properties of
L-DOPA during the polymerization process.

The current approach also involved an examination of
particle size after the polymerization process using DLS,
similar to previous experiments. The results obtained from
our experiments displayed the behaviour of nanoaggregates
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and particles gained from the polymerization process akin to
previous findings, leading to the generation of highly poly-
dispersed samples (Table S2). This outcome suggests that a
wide array of nanostructures contributed to the formation of
patterns on the surfaces post-polymerization. Interestingly,
the morphology observed in this study differs from that
observed when DACH was utilized, indicating that distinct
diastereoisomeric pairs influenced the supramolecular
arrangement of molecules during dynamic self-assembly
processes, resulting in diverse structural patterns.

In our subsequent approach to comprehending the
impact of DACH on the self-assembly process of PLDOPA,
we employed (S,5)-DACH instead of (R,R)-DACH. By doping
chiral L-DOPA or chiral PLDOPA nanoaggregates with this
compound, we anticipated the formation of diastereomeric
structures distinct from those formed in the case of (R,R)-
DACH. We have assumed that this change in structure
could potentially have implications for the self-assembly
process and the generation of intermediates. Notably, the
SEM analysis of the resulting patterns from the reaction
between these two molecules revealed the emergence of
structures resembling “dumplings” similar to those observed

(@

Figure 6: The SEM images of the self-assembled pattern of (S,S)-DACH-PLDOPA particles obtained with different ratios of (S,S) DACH to L-DOPA: (a) 2:1,

(b) 1:1, (c) 0.5:1, and (d) 0.25:1.
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in the reaction involving DACH and dopamine rather than
curly carpets recorded in the reaction of L-DOPA with (R,R)-
DACH. The morphology of these obtained structures is
visually depicted in Figure 6.

In light of the morphological variations observed in
the polymerization products of L-DOPA with enantiopure
forms of DACH, namely, (R,R)-DACH and (S,S)-DACH, we
move to CD experiments to assess differences in absorption
of polarized light by these polymers. Our objective was to
ascertain whether the distinct interaction mechanisms
between (R,R)-DACH and (S,S)-DACH with PLDOPA can
be elucidated through their optical activity. This investi-
gation was performed to provide insights into the phe-
nomenon of pattern diversification manifested through
self-assembly processes. By analysing the optical spectra of
the resulting polymers, we aimed to reveal the underlying
stereochemical influences that govern their structural and
morphological characteristics. In the case of measuring a
polymer based on L-DOPA and DACH, it should be taken
into account that L-DOPA is chiral itself and its polymer
generates Cotton effects in the CD spectrum. Therefore, it
is necessary to refer the spectra of polymers with DACH
additives to the spectrum of the L-DOPA polymer obtained
under the same conditions and the same concentration. The
CD spectrum of PLDOPA shows a negative effect of —4.86
mdeg with a maximum located at 278 nm and a positive
effect of 3.00 mdeg with a maximum at 223nm. In order
to determine the possible types of diastereomeric interac-
tions during polymerization and their impact on conforma-
tions of products, a series of measurements were performed
for both DACH enantiomers and additionally for DACH in
the racemic form.

The polymer obtained from L-DOPA and (R,R)-DACH
showed different properties than PDAs obtained in reac-
tions with (R,R)-DACH. In this case, notable changes in the
CD spectra can only be observed at a molar ratio of L-DOPA
to (R,R)-DACH 1:1 and more. This is manifested by the dis-
appearance of the negative Cotton effect at 278 nm from
-4.56 mdeg down to -1.48 mdeg at 2:1 L-DOPA to (R,R)-
DACH molar ratio and decay of the Cotton effect at 222 nm
from 3.00 mdeg to 1.45 mdeg. These changes are connected
with the emergence of a new positive Cotton effect up to 2.68
mdeg at approximately 310 nm and negative -1.59 mdeg at
around 378 nm This effect may be related to the formation of
chiral structures with a delocalized system of n electrons of
lower transition energy.

Since diastereomeric interactions occur in the reaction
system in which both copolymerizing components are
chiral, it was necessary to investigate the polymerization
reaction of L-DOPA with the second enantiomer (S,S)-DACH.
The results of CD measurements indicate a more noticeable
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decrease in the Cotton effect located round 278 nm up to
the 4.41 mdeg for the 1:2 ratio as well as a very strong
change in the short-wave effect located at approximately
200 nm amounting to —8.20 mdeg for 198 nm. In the case of
polymerization with the (S,S)-DACH enantiomer, changes in
the CD spectra are visible even from a small addition of (S,S)-
DACH (DACH:L-DOPA ratio 0.25:1). Both of these changes
indicate differences related to the arrangement of L-DOPA
fragments in the material. The main difference, however,
is the lack of long-wavelength effects at 310 and 370 nm
observed for the material obtained in the polymerization
of L-DOPA with (R,R)-DACH. These results indicate that not
only are the DACH fragments interconnected in the mate-
rial, but also that no new structures containing long-wave-
length transitions are formed as a result of polymerization.
Therefore, the observed behaviour of materials in CD mea-
surements proved the different roles of each DACH enan-
tiomer in the polymerization process and its impact was
reflected by deferent morphology of obtained patterns via
self-assembly.

Since the UV spectrum is influenced not only by the
absorption of the tested material but also by scattering of
nanoparticles, it is not unequivocal in interpretation, but it
can be seen that in the UV spectrum of the material made
from L-DOPA and (R,R)-DACH, there is a UV maximum of
low intensity located at 343 nm, while no such maximum is
visible for the polymer based on (S,S)-DACH. This addition-
ally suggests that during polymerization with (S,S)-DACH,
structures generating such electronic transitions are not
formed.

The CD spectra of a polymer based on L-DOPA and
racemic rac-DACH in the short-wavelength regions change
as can be expected on the basis of the observations of CD
spectra of materials obtained from L-DOPA and pure enan-
tiomers of DACH and PDA. In the long-term spectra above
300 nm, changes are much smaller than expected, which
indicates that the presence of (S,S)-DACH influences nega-
tively the formation of structures with a high degree of
double bond conjugation. A comparison of the CD spectra
of L-DOPA and DACH is shown in Figure 7(a)-(c).

3.3 Path C - doping racemic D/L
norepinephrine with chiral DACH

In our approach to understand the role of DACH as a
dopant and its interaction with catecholamines, we chose
D/L-norepinephrine, which possesses a stereogenic centre
but is racemic. By employing such a molecule, we aimed to
observe how chiral (R,R)-DACH influences the material
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Figure 7: CD spectra recorded for materials obtained in the reaction between (a) L-DOPA-(R,R)-DACH, (b) L-DOPA-(S,S)-DACH, (c) L-DOPA-rac-DACH,

and (d) D/L - norepinephrine and (R,R)-DACH.

properties, particularly its preferential interaction with
one enantiomer of catecholamines. Unlike the case with
L-DOPA, the formation of particles was observed here,
and they could be separated from the reaction mixture by
centrifugation. The morphology of the particles is shown in
the Figure S8 in the Supplementary Information (SI). The
DLS measurements revealed that the particle/nanoaggregates
present in the reaction mixture varied in size from 55 to
160 nm, as determined by DLS measurements. Moreover,
we observed that the impact of (R,R)-DACH on particle size
was significant since at the ratio of 2:1 DACH to D/L-norepi-
nephrine, the particles exhibited a size of 55 nm with a PDI of
0.087, indicating a rather narrow distribution. However, with
a decreasing concentration of (R,R)-DACH, we recorded that
the PDI index of the particles increased, and the particle size
grew larger, reaching 160 nm at a ratio of 0.25:1, with a PDI
index of 0.430 (Table S3). It is worth highlighting that the
particle charge became more negative with the decrease in
DACH concentration, shifting from -20 to =33 mV. This change
suggests an increase in the number of catechol groups that
could undergo deprotonation in basic connections, indirectly

proving that DACH was incorporated into the structure of the
resulting polymers.

As in previous cases, the self-assembly patterns were
visualized by SEM and are depicted in Figure 8. It is evident
that with a decreasing amount of DACH in the reaction, the
surface pattern changes. At the ratio of 2:1 DACH to D/L-
norepinephrine, we observed a fragmented film that formed
a kind of “island.” The morphological distinctions of the
structures derived from the polymerization of dopamine
and L-DOPA, as compared to those obtained from reactions
involving chiral DACH and D/L -norepinephrine, suggest a
multifaceted influence on the polymer formation process. It
is evident that the nature of the chiral DACH is a critical
factor; however, the unique structural configurations and
stereochemical properties of the catecholamines themselves
also play a significant role in dictating the characteristics of
the resultant polymers. A further decrease in DACH concen-
tration in the polymerization reaction resulted in a more
ordered structure, which appears to be quite sensitive.

CD studies on DACH-PNOR obtained in the reaction of
rac-norepinephrine and (R,R)-DACH indicated the formation



12 — Hawdang Othman Abdalla et al.

DE GRUYTER

Figure 8: The SEM images of the self-assembled pattern of (R,R)-DACH-PNOR particles obtained with different ratios of (R,R)-DACH to D/L-

Norepinephrine ratio: (a) 2:1, (b) 1:1, (c) 0.5:0.1, and (d) 0.25:1.

of chiral arrangements of chromophores in the resulting
polymer. In the short-wavelength range below 300 nm, the
formation of a negative Cotton effect with a maximum at
266 nm and a positive Cotton effect at 198 nm can be observed.
Their increase can be observed already from the addition of
25mol% (R,R)-DACH, and the maximum values of —1.73 mdeg
at 266 nm and 6.93 mdeg at 198 were obtained already for the
addition of 50 mol% (R,R)-DACH. A further increase in the
amount of DACH in the mixture does not result in further
changes in the CD spectra in this range. In the long-term
spectral range, above 300 nm, Cotton Effects can be observed
only with the equimolar or larger addition of (R,R)-DACH.
The maxima are located at 312nm (1.58 mdeg) and 362 nm
(-0.95 mdeg) for the 2 equimolar (R,R)-DACH addition. This
situation is analogous to that observed for the polymeriza-
tion of L-DOPA with (R,R)-DACH and may indicate that in
this case also structures with lower electronic transition
energy are formed. The spectra of rac-norepinephrine from
(R,R)-DACH are shown in Figure 7d.

Since no long-term Cotton effects were observed above
300 nm for materials based on PDA, it can be assumed that
the chirality element in the side chain of the catechol used

is the key to their formation. The measurement results
additionally indicate that only some diastereomeric inter-
actions lead to the formation of structures exhibiting
Cotton effects above 300 nm. This opens a new path for
research on chiral polycatechol materials with a precisely
defined structure caused by structural modifications of
polycatechol monomers.

The summary of maxima of Cotton effects due to used
catecholamine to DACH molar ratio changes for all dis-
cussed cases are presented in Tables S4-S6 in SI.

4 Conclusion

In conclusion, we propose a new approach towards chir-
ality induction in polycatecholamine polymers, synthe-
sized from dopamine, L-DOPA, and D/L-norepinephrine,
through the incorporation of optically active DACH into
the polymerization process. The addition of DACH signifi-
cantly influences both the formation of polymer particles
and their stability in solution as well as their size in case of
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dopamine polymerization. Moreover, the oligomers/nanoag-
gregates remaining in the polymerization solution undergo
self-assembly on silicon wafers, forming unique structures
that have been not observed before. CD analysis of mate-
rials, synthesized by adding either (R,R)- or (S,S)-DACH to the
polymerization of L-DOPA, revealed the formation of dia-
stereomers, impacting both the morphology of the self-
assembled patterns and aligning with the observations
from SEM investigations.
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