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Introduction

C>-Symmetric H-bonding benzene core motif
promotes rapid growth of long supramolecular
fibers from amphiphilic polymers

@ Hesam Makki, ©2° Ulrich Mansfeld, ¢
d€ Albena Lederer 2 79 and Johannes C. Brendel

Sebastian Stadter,
Stephanie Hoeppener, *a.c
Strong hydrogen bonds are key non-covalent interactions that direct molecules into ordered supramole-
cular assemblies. Cz-symmetric benzene derivatives are a widely used motif to generate building blocks
for helical supramolecular fibers, including amphiphilic supramolecular polymer bottlebrushes. In this
work, we introduce the benzene diurea monoamide (BDUA) motif, which disrupts the Cs-core symmetry
by combining distinct hydrogen bonding units. This design substantially simplifies the synthesis of amphi-
philic building blocks, enabling multi-gram-scale preparation under mild conditions and avoiding labor-
intensive purification procedures. The assembly behavior of BDUA amphiphiles was evaluated through
quantum chemical calculations and extensive experimental screening. Computational analysis indicates
that, despite the C,-symmetric core substitution pattern, BDUA monomers form strong hydrogen bonds
and adopt a helical organization within the supramolecular structure. When transferred into water, these
amphiphiles rapidly assemble into long supramolecular fibers, even when initially dissolved in organic sol-
vents and subsequently quenched into agqueous media. Compared to previously reported Cs-core sym-
metric benzene-based amphiphilic polymer building blocks, BDUA exhibits markedly accelerated assem-
bly kinetics while preserving a non-dynamic, kinetically trapped fiber structure in water once assembled.
Overall, the BDUA motif provides a synthetically scalable and highly effective platform for rapidly generat-
ing well-defined supramolecular polymer fibers, offering an easily accessible alternative to traditional Cs-
core symmetric structures.

dimensions, hierarchical one-dimensional structures are in
particular of interest given their relevance to various fields

In nature, organisms exhibit a wide range of morphologies,
which are often closely associated with their function.?
Researchers started to investigate the structure-function
relationships of nature’s creations therby providing essential
insights for the design of application-oriented materials.
Although bioinspired materials can be fabricated in many
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ranging from biomedical science to chemical engineering.’™®
In particular, supramolecular approaches have shown notable
potential in forming anisotropic, elongated architectures via
771 Over the past decades, the underlying
mechanisms of supramolecular polymerization have been
thoroughly studied and provided fundamental knowledge and
guidance.'>'°

edged as a critical factor governing the self-assembly process
17,18

non-covalent forces.

Moreover, molecular design is widely acknowl-

and dictating the system properties and performance.
While preferably focusing on a certain type of non-covalent
interactions, a broad range of molecule classes can be applied
for the supramolecular
polymers. Among benzene-derived molecular motifs,

benzene trisamides (BTAs) represent a well-established system
20-27

formation of one-dimensional
12,19

that has been examined in detail in numerous studies.
Upon directed hydrogen bonding of the three amide groups,
BTAs form stacks inducing aggregation into larger cylindrical
columns due to the preferred minimization of the surface and
macrodipoles. Notably, the nature of intermolecular inter-
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actions plays a decisive role in shaping the three-dimensional
arrangement of supramolecular assemblies. Already low-mole-
cular-weight compounds are capable of forming lateral aggre-
gates in accordance with the core-type assembly model.*®"
The concept has likewise been proven adaptable to core-shell
systems through the inclusion of hydrophilic groups, while
preserving the original C;-symmetrical design.""*** As a con-
ceptual extension of this design, our group created amphiphi-
lic supramolecular motifs, which combine C;-symmetric cores
with a hydrophilic polymer chain to create a typical amphi-
phile.*® While the initial attempt based on BTA as core did not
lead to cylindrical assemblies, the concept was refined and
extended to benzene trisureas (BTUs) and benzene trispeptides
(BTPs).>***” Through this approach, we achieved enhanced
hydrogen bonding capabilities, resulting in more robust and
extended fiber structures than those formed by BTAs. These
systems exhibit remarkable flexibility in the orientation of
both the core and peripheral chains, a property that we believe
facilitates their aggregation into hierarchically organized
fibers. In particular, the synergy between amphiphilic self-
assembly in water and strong, directional hydrogen bonding
within these building blocks appears crucial for the formation
of stable, kinetically trapped fibers, whereas the incorporation
of multiple sterically demanding hydrophilic polymers
impedes the preferred hierarchical aggregation and, conse-
quently, cylindrical assembly. While these studies clarified the
impact of side-chain variations on self-assembly, the impact of
symmetry within the hydrogen-bond forming core has yet been
barely investigated. In particular, the presence of different
hydrogen bonding groups within a single core motif intro-
duces substantial complexity, leading to significant uncer-
tainty in stack orientation under the given steric restrictions by
the amphiphilic nature of the whole building block.
Additionally, Li et al. introduced C,-symmetrical benzene-1-
urea-3,5-biscarboxamide (BUBA) as an interesting alternative
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to Cz;-symmetric benzene motifs expanding the design scope
of supramolecular building blocks.?® In their study, they high-
lighted the conformational and system specific differences
between C,- and Cs;-symmetrical molecules in apolar solvents
providing knowledge for further property adjustment of mixed
assemblies. Inspired by their work, we here investigate
benzene diurea monoamides (BDUAs) as a novel, readily acces-
sible motif for designing amphiphilic supramolecular building
blocks with a C,-symmetric core unit (Fig. 1).

BDUA represents a C,-symmetric core and amphiphilic
architecture conceptually derived from BTAs and BTUs.**?°
But in contrast to our established BTU and BTP systems, BDUA
enables a significantly more straightforward synthesis of
amphiphilic building blocks bearing a single hydrophilic
polymer chain. The synthetic route avoids tedious purification
steps and readily allows for upscaling, thereby substantially
enhancing the application potential of this system compared
to previous architectures.

We synthesized a small library of BDUAs with varying PEO
content to systematically probe its impact on packing para-
meters and morphology. Thereby, we focused on mono-
PEGylated molecules, as previous studies have shown that
multi-PEGylated analogues do not support fiber formation.*®
The PEO chain was directly linked to the amide function via a
short linker, as this represents the most straightforward syn-
thetic approach, although attachment through a urea group
would also be of interest but is synthetically more challenging.
Furthermore, we comprehensively analyzed the self-assembly
of the supramolecular building blocks under varying con-
ditions using dynamic light scattering (DLS), asymmetrical
flow field-flow fractionation (AF4) and cryogenic transmission
electron microscopy (cryo-TEM). In addition, their dilution
stability was probed using fluorescence correlation spec-
troscopy (FCS). As a complementary study to our experimental
approach, ab initio calculations were conducted, which enable
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Fig. 1 Overview of benzene-based supramolecular motifs from earlier studies with identical hydrogen bonding units, highlighting structural fea-
tures alongside a modified design for formation of BDUA with a C,-symmetric core motif.35=37-3940

Polym. Chem.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6py00073h

Open Access Article. Published on 15 2026. Downloaded on 09-06-26 11.27.41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

A top view side view B 07
22

-4

Oligomerization Energy (eV)

View Article Online

Paper

Dimer Tetramer

Oligomerization Level

bottom view top view

tetramer decamer

Fig. 2

bottom view

Hexamer Octamer Decamer

top view

(A): Top and side views of the initial configuration of a stack of 10 monomers with a 60° relative rotation angle. (B): Self-consistent field (SCF)

energy of oligomerization, calculated as the SCF energy of the optimized oligomer minus the energy of the optimized monomer multiplied by the
number of monomers in the oligomer. (C): Top and bottom views of the electrostatic potential map derived from the electron density around the
tetramer and decamer, where red and blue regions represent positive and negative electrostatic potentials, respectively. (D): Helical orientation of
the supramolecular assembly, with amide-amide and urea-urea hydrogen bonds indicated by dashed lines.

a comprehensive understanding of the intermolecular inter-
actions of BDUAs.

Results and discussion

Density functional theory (DFT) calculations on the molecular
assembly of benzene diurea monoamides

While Cz-symmetric BTAs are well studied for their stack for-
mation, changing the symmetry can disrupt this process or
lead to geometrically distinct aggregates, which might even
impede fiber formation.*** To clarify whether the altered
hydrogen bonding topology of the BDUA motif still supports
the formation of stable hydrogen-bonded stacks, we performed
DFT calculations focusing on the intermolecular interactions
within the hydrogen bonding core. In these calculations, the
flexible peripheral substituents were omitted and the model
was restricted to the comparatively rigid BDUA core. This sim-
plification allows the analysis of the key directional hydrogen
bonding interactions that govern stack formation while avoid-
ing conformational contributions from long alkyl or polymer
chains, which mainly affect higher-order aggregation rather
than the local stacking motif.

First, the monomer geometry was optimized at the B3LYP/
6-31G* level using Gaussian 16.*>** To explore possible self-
assembly structures, we generated initial configurations of
dimers to decamers with relative rotation angles ranging from
—180° to 180° in 60° increments. An example of an initial con-

This journal is © The Royal Society of Chemistry 2026

figuration of a decamer with a 60° relative rotation angle is
shown in Fig. 2A. DFT optimizations revealed that only the 60°
relative rotation angle led to stable supramolecular structures,
as indicated by the negative polymerization energy, suggesting
a thermodynamically favorable process (Fig. 2B). Further
insights from electron density analysis showed that polymeriz-
ation induces a redistribution of electron density, enhancing
electrostatic interactions and promoting cooperative growth,
consistent with previous reports on different functionalized
BTAs.*® Fig. 2C presents top and bottom views of the tetramer
and decamer, where red and blue regions indicate positive and
negative electrostatic potential, respectively. A comparison
between these structures reveals progressive polarization along
the hydrogen-bonded chain: the top monomer in the tetramer
exhibits a more negative electrostatic potential than in the
decamer, while the bottom monomer in the decamer is more
positively charged than in the tetramer. This observation
suggests an overall polarization effect across the supramolecu-
lar assembly.

The most stable self-assembled structure (Fig. 2D) features
a continuous hydrogen-bonded chain of monomers via inter-
actions between amide and urea groups. In this context, the
BDUA stack closely resembles another well-characterized C,-
symmetric core molecule, benzene-1-urea-3,5-biscarboxamide
(BUBA).*® However, the BDUA molecules show a mixed form of
orientation for their hydrogen bonding units (preferentially
oriented upwards/downwards with an 60° angle between
monomers), which is rather unusual. Notably, no n—r stacking
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Fig. 3 Modeling of BDUA stacks in Python under the idealized assump-
tion of circular benzene cores. Front view (A), side view (B), top view (C)
and schematic representation (D).

was observed between the central benzene rings, likely due to
the increased intermonomer distance and the central position-
ing of the molecules, which is dictated by hydrogen bonding.
Furthermore, we observed average hydrogen bond distances of
1.88 A and 1.95 A between the amide and urea groups,
suggesting a moderate electrostatic-covalent hydrogen bonding
character, which 1is characteristic for this type of
interaction.”>***” The individual units adopt a tilted orien-
tation relative to the stacking axis and assemble into a helical
structure around it (Fig. 3). In a simplified macroscopic view,
the stacked benzene cores define an inner hydrophobic
cylinder.

Consequently, the computational results indicate that
BDUA adopts a distinct spatial orientation and geometric con-
formation that arise solely from the selected hydrogen
bonding topology, separating it from BTAs and BUBAs, while
still maintaining assembly patterns akin to recognized supra-
molecular systems.

View Article Online
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Synthesis and upscaling

Guided by the theoretical predictions, we further aimed to
develop BDUA molecules mimicking the design principles of
our BTU and BTP systems. Furthermore, a series of BDUAs
bearing a hydrophilic PEO chain of 2, 5, or 10 kDa was pre-
pared to assess the role of the theoretical packing parameter
and steric constraints in shaping the assembly morphology.
Earlier studies already confirmed, that these key features easily
govern morphological transitions from cylindrical to spherical
structures, prompting the question of whether BDUAs exhibit
similar morphological behavior.>****® We derived a synthetic
route (Scheme 1) to generate a C,-symmetric core with two
urea units and one amide starting from 3,5-diaminobenzoic
acid, an inexpensive and commercially available compound.
Thereby, the precursor undergoes a reaction with dodecyl
isocyanate in THF suspension, where precipitation of the in-
soluble intermediate 1 offers a simple and reliable visual cue
for completion of reaction. The product was directly obtained
through filtration at high purity. Yields were partially influ-
enced by the isocyanate reactivity, but the filtrate purity was
unaffected. The results remained consistent during scale-up,
where a high yield of 85% (32.13 g) could be achieved. The
intermediate 2 is synthesized by applying efficient peptide
coupling chemistry based on hexafluorophosphate benzotria-
zole tetramethyl uronium salt (HBTU) as coupling agent. The
product was again obtained in high purity by filtration after
precipitating the product in excess diethyl ether (DEE) achiev-
ing nearly a quantitative yield of 97% (46.30 g). In the follow-
ing step, intermediate 3 was obtained using a standard Boc-de-
protection protocol based on TFA. The reaction mixture was
precipitated in excess DEE and the pure product was isolated
by filtration/centrifugation. Overall, losses were minimized,
resulting in a high yield of 95% (44.80 g). In the last step,
PEGylation of the deprotected BDUA salt furnished the final
products 4a-c. Thereby, high purity is ensured due to the puri-
fication via membrane dialysis removing any unreacted traces
of the starting material. Due to the high purity requirements

tert-butyl H H
O. OH
Oy OH (12-aminododecyl) o N\/{’\L/N\[ro
dodecyl isocyanate carbamate 10
e R o D Dol
85% 97% J N
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Scheme 1 Synthetic route for BDUAs. Detailed synthetic procedures can be found in SI.
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for possible applications, the partially decreased yield associ-
ated with the dialysis process appears tolerable.

Overall, our synthetic strategy offers low manufacturing
costs, facile purification, and highly favorable scale-up
efficiency, providing overall yields in the range of 60 to 78%.
Furthermore, this approach relies on established isocyanate
and amide coupling chemistry, providing high modularity
through the broad availability of commercially accessible
building blocks. Compared to BTU and BTP systems, the
multi-step preparation of BDUAs requires substantially less
synthetic effort and can be readily automated. In addition, pro-
duction on the kilogram scale or beyond appears feasible, pro-
vided that sufficient synthetic capacity is available.

Self-assembly in an aqueous environment

As noted above, the BDUA building blocks were designed ana-
logously to our previously reported amphiphilic systems based
on Cz-symmetric cores (BTU and BTP). To enable a direct com-
parison of structure formation, we applied the same self-
assembly conditions established in these earlier studies.*’
Accordingly, the products 4a-4c were either directly dispersed
(dd) in water or their self-assembly was induced through a
solvent switch (sw) procedure. In the latter case, the com-
pounds were first dissolved in tetrahydrofuran (THF), which as
a good solvent prevents high-order stacking.*® Then, water was
added at specific rates enhancing the intermolecular inter-
actions of the BDUA molecules due to the hydrophobic
effect.”” Thereby, the surface of the hydrophobic parts are
minimized, resulting in a core-shell assembly, where the outer
hydrophilic surface shields the inner core (Fig. 4).

As a result of only small variations in the molecule design,
we observed similarities in the aggregation behavior of BDUAs
compared to our previously published BTUs and BTPs,
meaning that the onset for the nucleation-elongation process
is triggered by crossing a certain critical water content.’® In
case of BDUA, a critical water content is reached between 50 to
60 v% of D,0, as indicated by 'H-NMR studies across different
ratios of dg-THF:D,O (Fig. S4). It is interesting to note that
this transition is rather sharp compared to previous results on
BTPs.”® Up to 50 v%, the "H signals for the benzene core
appear unchanged indicating a good solubility or at least rapid
kinetic exchange. However, crossing to 60 v% of D,O results in

Assembly
—_—

Fig. 4 Schematic illustration of BDUA assembly induced by solvent
exchange from THF to water through hydrophobic shielding.

This journal is © The Royal Society of Chemistry 2026
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an immediate disappearance of the aromatic signals as a
result of the full aggregation of the building blocks. The supra-
molecular polymerization begins once this threshold is
exceeded, progressing rapidly until a thermodynamically favor-
able state is reached. Despite being described as an immediate
process, the narrow area around the critical water content is
important for the control of the morphology.>"** As a result,
approaching the critical water content with varying but
defined rates is of high interest and was further investigated
by performing solvent switches with modified water addition
rates. Therefore, we prepared individual dispersions of 4a-c at
1/50/100 mL h™" as well as direct dispersions (dd) of the pow-
dered material in water, which were first analyzed with
dynamic light scattering (Fig. S5 and Table S2). In general, a
broad distribution in size can be observed for all rates indicat-
ing differences in diffusive behavior and/or multiple species.
For 4a different solution concentrations were prepared to
investigate the influence on the assembly process. However, at
first sight the summarized results show no observable trend,
which is also attributed to the general limitations of DLS for
the measurement of large, non-spherical particles.’*>*
Nevertheless, the size distribution curves are indicating that
controlled solvent switches are providing better size control.
Furthermore, minimal shifts of the peaks can be observed,
suggesting a direct correlation between addition rate and size.
In addition, the correlograms further prove the presence of
larger aggregates, recognizable due to right shift and the
downshift of the plateau. Here, also differences between direct
dispersion and controlled addition are visible, suggesting a
tendency towards larger aggregates under controlled con-
ditions for 4a.

To overcome the limited information content of DLS data
and for precise size, shape and morphology determination,
selected samples were analyzed via AF4 (Fig. 5A-C and
Fig. S6). Here, clear differences between direct dispersion and
controlled conditions for compound 4a are observed (Fig. S6A-
D). In case of direct dispersion, the molecules are directly dis-
solved in a poor solvent. Therefore, nucleation and supramole-
cular polymerization are competing, leading to uncontrolled
assembly behavior and mixed morphologies (Fig. S6A). In
addition, dry-state structures that remain after the final purifi-
cation can influence how the compound disperses, which may
in turn affect the structure formation. While direct dispersion
shows an R, of approximately 52 nm, samples prepared under
controlled solvent switch conditions yield R, values of 130 to
150 nm and unimodal distributions (Table S3 and Fig. S6A-D).
These results indicate that, in contrast to direct dispersion,
solvent switch samples exhibit size uniformity that is indepen-
dent of the addition rate. Moreover, shape factors (Ry/Rp)
differing from 0.778 are suggesting the presence of an aniso-
tropic morphology (Table S3).>> However, the observed ratios
are below 0.4, characteristic of microgels, and significantly
smaller than the values (exceeding 2.2) associated with rod-
like structures.’® This observation can be explained by the
broad DLS distribution, which elevates Ry, and may addition-
ally reflect dense or aggregated structures under flow con-
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Fig. 5 AF4 fractograms (A—C) and cryo-TEM images (D—G) of selected samples. AF4 samples of compounds 4a—c were prepared by solvent switch
method (A and C) and quenching method (B). Cryo-TEM images were taken of selected samples prepared by direct dispersion or solvent switch
method: 4a dd (D), 4a sw at 50 mL h~* (E), 4b sw at 50 mL h™ (F) and 4c sw at 50 mL h™ (G).

ditions in AF4, which leads to a decrease in R,. Nevertheless,
the average lengths of 4a assemblies with narrow distributions
(Table S3), calculated from the derived R, agree well with the
cryo-TEM observations, which were performed on selected
samples to further elucidate morphology and to provide
additional in-depth structural information (Fig. 5D and E).

Consistent with the AF4 results, shorter fibers are formed
by applying direct dispersion. This could be attributed to the
reintroduction of dry-state structures upon dispersion and
potential fragmentation. In contrast, slow addition of water to
a molecular solution of the building blocks allows a more con-
trolled approaching of the critical water content (CWC) and
therefore fiber elongation may be enhanced, and longer cylind-
rical aggregates can be assembled. Notably, both short and
long fibers have a similar diameter of approximately 10.5 nm
(Fig. S7C and D). Accordingly, BDUA exhibits an enlarged dia-
meter compared to the related BTUs (7.3 nm + 1.1 nm),
despite having an otherwise identical design, differing only by
the urea-to-amide substitution.>®

A more general comparison regarding the self-assembly of
BDUA building blocks with the previously reported BTUs and
BTPs reveals some similarities but also major differences in
the resulting structures. Considering that the supramolecular
bottlebrushes made from BDUA exhibit a comparable diameter
as BTU and BTP derived ones, their hydrophobic core cross-
sections are likely composed of several laterally aggregated
units surrounded by an outer PEO shell.***” However, com-
pared to the previously reported BTUs and BTPs, as well as
other bisurea motifs, the assembly of BDUA 4a results overall
in remarkably long fibers which exceed the previous systems
in length by far given equal assembly conditions.?”*%37:8

Polym. Chem.

Under direct dispersion conditions, BDUA fibers exhibit
length scales of approximately 300 nm, comparable to BTUs,
whereas BTPs remain shorter.>>*” Through the solvent switch
approach, BDUA forms fibers on the micrometer scale even at
high addition rates, demonstrating that variations in the
addition rate have only a minor impact on the BDUA system,
in contrast to the behavior observed for BTU and BTP
systems.*® These results indicate very fast kinetics of the BDUA
fiber growth once the CWC is reached.

In order to further investigate this aspect, we additionally
investigated a quenching method where a THF-solution of the
building block is dropped into water at different rates. In case
of BTUs or BTPs, a similar quenching approach creates
trapped morphologies and the formation of small, in many
cases nearly spherical shaped aggregates.*’ In contrast to these
systems, the quenching of BDUA 4a results in unimodal distri-
butions consistent with those obtained via the solvent switch
method (Fig. 5B). Zimm-plot analysis of the scattering data
revealed R, values comparable to those of the solvent switch
samples (Table S3 and Fig. S6E-G). Considering these stark
differences in the assembly behavior compared to BTU or BTP
and the obtained similar sizes of the aggregates, we consider
that alternative assembly mechanisms may play a significant
role in case of BDUA. While in the solvent switch still results
in a nucleation and growth mechanism at a given CWC, also a
critical THF content (CTC) might be crossed in the quenching
approach, which induces a more dynamic state of the assem-
blies (Fig. 6). In this case, BDUA molecules might still form
trapped small aggregates until the CTC is reached, but then
the system becomes more dynamic and besides growth by
further added building blocks existing small aggregates start

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Visualization of solvent switch (A) and quenching processes (B), providing insight into possible principles governing both. CWC: critical water

content; CTC: critical THF content.

fusing or get dissolved in favor of further growth of larger
structures. Unfortunately, a more detailed examination of the
process requires in situ monitoring methods for such small
aggregates, such as time-resolved neutron scattering, which is
beyond our current capabilities. Nevertheless, owing to the
subtle difference in hydrogen bonding topology while other-
wise preserving the molecular design, BDUAs exhibit an
extended performance scope compared with BTUs and BTPs.
The results indicate rapid elongation, enabling the formation
of long fibers even under quenching conditions. Overall, both
assembly methods permit the precise formation of supramole-
cular fibers if controlled conditions are applied.

Variations in molecular design on the contrary lead to more
significant differences in the resulting structures (Fig. 5C and
Fig. S5D, E, S61, J). In DLS, a decrease in size and distribution
can be observed for 4b and 4c¢ with an increasing length of the
attached PEO. While the peaks of the size distribution curves
show good separation here, clear shifts to the left of the corre-
lograms can be observed in most cases indicating the presence
of different morphologies, different ratios of existing mor-
phologies and/or smaller aggregates compared to 4a. In AF4, a
trend towards a predominance of smaller species is observed
when the length of the PEO chain is increased from 4a to 4c.
Still, all fractions continue to exhibit larger aggregates within
the same size range, and combined analysis of the light scat-
tering data yields a shape factor greater than 2 for 4b and 4c
indicating not only anisotropic structures but also the pres-
ence of rod-like assemblies (Table S3). The morphology was
confirmed by cryo-TEM images (Fig. 5E-G), which also pro-
vided further structure-related insights. While Fig. 5E displays
very dense and long fibers, a shortening of the cylindrical
aggregates can be observed with an increasing PEO chain
length in 4b and even more pronounced in 4c. The decrease of

This journal is © The Royal Society of Chemistry 2026

the overall fiber density in 4b and 4c compared to 4a might be
related to a decreased concentration of aggregates and may
indicate the presence of non-aggregated building blocks, but
effects of the preparation of the cryo-TEM samples cannot be
fully excluded. Interestingly, the enhanced contrast in Fig. 5F
and G allows the core and shell to be distinguished. The core
diameter of 4b and 4c is similar, considering the resolution
limit. Consequently, 4b and 4c still reveal fiber formation,
although their lengths are considerably smaller appearing
overall oval or round shaped. Therefore, the characteristic
dependence of morphology on the packing parameter, pre-
viously observed for the BTU and BTP systems, is also retained
for BDUA motifs, demonstrating that longer PEO chains sup-
press fiber formation.*®*”

With regard to the previously mentioned dynamics during
the assembly of the fibers, we were further interested in the
stability of the BDUA assemblies, which could potentially
restrict their application potential. In particular, highly diluted
samples might reveal a molecular dissolution of the building
blocks at very low concentrations which would only be possible
if the assembly is in a dynamic equilibrium with the molecular
dissolved state. Therefore, BDUA was labeled with AF488 and
subjected to a serial dilution from micromolar to nanomolar
concentrations, followed by analysis using fluorescence corre-
lation spectroscopy (FCS). The method allows determination
of diffusion coefficients at very low concentrations based on
temporal fluctuations of fluorescence intensity in a confocal
volume. The resulting autocorrelation function can be fitted to
calculate a diffusion coefficient of the fluorescence species
allowing differentiation between free labelled polymer chains
and aggregated states. Autocorrelation data were collected for
BDUA concentrations ranging from 1.03 pmol L™ to 0.01 pmol
L™" in water, as well as for concentrations of 1.03 pmol L™ in
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Fig. 7 Comparison of diffusion coefficients derived from autocorrela-
tion data for the reference dye and the supramolecular motif in DMF
and water. AF488-NHS was measured at 1.03 nmol L™! and extrapolated
for visualization purposes.

DMF (Fig. S8). For reference, autocorrelation data for AF488 in
water was also measured. While the results for the aqueous
BDUA solution were fitted with a conformational model, a
pure diffusion model was occasionally applied for BDUA in
DMF. The summarized data is shown in Table S4. From this
analysis, a diffusion time of a few milliseconds for the
aqueous BDUA solution is observed. In contrast, BDUA in
DMF presents a diffusion time of 0.053 + 0.001 ms, which is
much closer to the reference solution of AF488 in water (0.030
+ 0.001 ms). Furthermore, the diffusion coefficients of all
samples were calculated directly from the autocorrelation data
(Fig. 7).

As a result, BDUA in DMF displays a high diffusion coeffi-
cient with an average value of 301 um?* s™*, indicating the pres-
ence of freely diffusing unimers. In contrast, the aqueous
BDUA samples result in low diffusion coefficient below 10 pm?>
s~' which confirms stable assemblies at these low concen-
trations and, therefore, indicates a non-dynamic character of
the assembly in pure water. Based on the diffusion coefficients
for BDUA-AF488 in water, fiber lengths were -calculated
(Table S5) using the extended Stokes-Einstein equation, fol-
lowing the Tirado and Garcia de la Torre model.”® The lengths
determined by FCS exhibit a similar range to those obtained
through AF4, with values typically ranging between 100 to
1000 nm. However, a more detailed comparison of the two
methods regarding length determination is not pursued, as
the FCS data exhibit significantly higher error potential and
relate to a modified BDUA structure.

Conclusion

In summary, our results demonstrate that the C,-symmetric
core motif in BDUA not only facilitates self-assembly of corres-
ponding amphiphilic building blocks into supramolecular bot-
tlebrushes, but also significantly enhances aggregation kine-
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tics resulting in the formation of long hierarchically structured
fibers when compared to previously reported C;-symmetric
cores. Based on the theoretical predictions, the supramolecu-
lar polymerization of the BDUA is highly thermodynamically
favored compared to the formation of low-numbered stacks
due to the redistribution of electron density in addition to the
known effects of hydrophobic shielding. Thereby, the mole-
cules possess a rotational offset of 60°, forming moderate
hydrogen bonds (1.88-1.95 A) between amide and urea groups.
Similar values and strong aggregation have been reported
before for other members in the family of benzene based
motifs, but also clear differences can be observed.?>¢:37:40:4>
Although the steric hinderance is negligibly different com-
pared to amide-, urea- and peptide analogues, the structural
and DFT optimizations show different orientations (upwards/
downwards) for the hydrogen bonding units. Furthermore, the
individual units adopt a helical arrangement, with a tilted
orientation relative to the stacking axis.

The analysis of assemblies in aqueous environments pro-
vided further insights into their individual behavior and
characteristics. In particular, the DLS, AF4 and cryo-TEM data
prove the successful formation of supramolecular bottle-
brushes under various conditions. While direct dispersion
leads to a mixture of morphologies including shorter fibers,
the solvent switch approach from THF to water induces the for-
mation of very long fibers if a PEO chain of 2 kDa is attached.
Longer PEO chains result in steric hindrance and significant
shortening of the aggregates similar as previously observed for
corresponding Cj;-core symmetric motifs (BTU and BTP).
Interestingly, an analysis of the assembled hydrophobic cores
in case of BDUA reveals a thickness independence of the
assembly conditions or the PEO length indicating a similar
core structure, in correspondence with other known peptide
and bisurea systems.>®37*%37:38 Thig further indicates, that the
hydrophobic core consists of multiple independent fibers with
an outer PEO shell like known BTU stacks.’® Besides these
similarities, solvent switches at high water addition rate and
more extreme quenching experiments also revealed stark
differences of BDUA compared to other systems. The here pre-
sented C,-symmetric core facilitates exclusively fiber formation
even at quenching conditions resulting overall in very similar
length of the fibers independent of the process conditions.
This fact can either be related to a very rapid elongation
process or may be a result of a dynamic exchange process and
continuous growth by fiber fusing or molecular diffusion.
While an in situ assembly study of such a rapid process was
beyond this study, FCS analysis of labelled highly diluted
samples reveals constantly low diffusion coefficients in order
of magnitude expected for larger aggregates. These results
therefore confirm a non-dynamic character of the aggregates
in water and suggest that either the assembly process is extre-
mely rapid or a critical THF content must be reached to induce
dynamics. Further extended studies to elucidate the dynamics
of these assemblies are in preparation, but in conclusion, this
study clearly demonstrates that despite the break in the Cj;-
core symmetry of the hydrogen bonding core structure, strong

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6py00073h

Open Access Article. Published on 15 2026. Downloaded on 09-06-26 11.27.41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

intermolecular interactions and sufficient driving forces can
be induced with the BDUA motif to generate large supramole-
cular fibers with several micrometer length in water and high
stability. In addition, the molecule is readily accessible in very
few scalable synthetic steps with excellent yields circumventing
any tedious purification steps, which gives it the potential to
become a workhorse in the design of further application-
oriented materials.
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