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ABSTRACT: Hydrogen-bonded supramolecular polymers exhibit
a unique combination of structural, thermodynamic, and dynamic
properties due to their reversible, noncovalent monomer
associations. However, the precise mechanism underlying this
process remains elusive. In this work, we focus on the supra-
molecular polymerization of 2,4-bis(2-ethylhexylureido)toluene
(EHUT), which self-assembles into filament and tube structures
in the nonpolar solvent cyclohexane via hydrogen bonding under
ambient pressure and controlled temperatures. To investigate this
temperature-dependent self-assembly behavior, we developed a
transferable coarse-grained model that allows the study of EHUT
supramolecular polymerization in cyclohexane. Here, we mimic
temperature-dependent hydrogen bonding by tuning dipole parameters in the model by exploiting the fact that local dipole
interactions dominate the hydrogen bonding. Molecular dynamics simulations based on this model successfully reproduce both
filament and tube structures over a range of temperatures. We further investigated the kinetics and underlying mechanisms of EHUT
self-assembly based on these simulations. The results reveal a stepwise and cooperative polymerization mechanism for the formation
of filaments and tubes, respectively. This study offers a multiscale spatiotemporal characterization of EHUT self-assembly in
cyclohexane and introduces a hydrogen-bond-driven coarse-grained modeling approach that can be extended to other temperature-
dependent supramolecular systems.

■ INTRODUCTION
Supramolecular polymers are formed through noncovalent
interactions. Due to their dynamic, self-healing, adaptive, and
stimulus-responsive properties,1 supramolecular polymers have
wide applications in drug delivery,2 antimicrobial materials,3

and reversible adhesives.4 Common noncovalent interactions
include hydrogen bonding, hydrophobic interactions, van der
Waals forces, electrostatic interactions, π−π stacking, metal
coordination, and various combinations thereof.1,5−10 Among
them, hydrogen bonding is the core driving force for
supramolecular polymer self-assembly. Its high directionality
and reversibility enable precise molecular recognition and
dynamic reorganization, which are essential for ordered and
stimuli-responsive structures.
Experimentally, Bouteiller et al. synthesized 2,4-bis(2-

ethylhexylureido)toluene (EHUT), a self-assembling molecule
containing two urea groups that can form double hydrogen
bonds.11,12 These monomers can self-assemble into long-chain
supramolecular polymers in nonpolar solvents. Meijer’s group
reported the 1,3,5-benzenetricarboxamide (BTA) supramolec-
ular polymer formed by triple hydrogen bonds and π−π
stacking,13,14 and the ureidopyrimidinone supramolecular
polymer with quadruple hydrogen bonds.15 These researches
demonstrated the importance of multiple hydrogen bonds in
maintaining the structural stability of the polymer. Exper-

imental techniques such as rheology, differential scanning
calorimetry, and dynamic light scattering are limited in
frequency resolution, structural sensitivity, and dynamic
range.16 These limitations hinder real-time observation of the
supramolecular self-assembly process at the molecular scale.
However, such observation is crucial for revealing the dynamic
pathways of self-assembly and identifying the underlying
driving forces.
Molecular dynamics (MD) simulations provide powerful

tools for analyzing self-assembly dynamics in supramolecular
polymers. Common simulation methods include all-atom (AA)
simulations and coarse-grained (CG) simulations.17,18 AA
simulations rely on classical force fields or first-principles data
and can accurately capture atomic interactions. However, their
computational cost increases significantly with system size and
simulation time, making it difficult to access self-assembly
dynamics on large length scales and long time scales. CG
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models map several atoms into a single bead, significantly
reducing computational load, and are suitable for large-scale
systems and long-time simulations. Common hydrogen-
bonding models include the patchy particles model19 and the
charged particle model.20 The former adds small patches to the
surface of large beads to represent hydrogen-bond donors and
acceptors and is suitable for simple systems. The latter
introduces dipoles (positive and negative charges at a fixed
distance) on the beads to simulate hydrogen bonds, taking into
account both short-range and long-range interactions, making
it more suitable for complex systems. In recent years, machine
learning potentials (MLPs) have been widely applied in
molecular simulations.21 Researchers train models using ab
initio molecular dynamics (AIMD) data from small systems to
obtain potentials that approximate density functional theory
(DFT) accuracy. These potentials are then applied to larger-
scale MD simulations, achieving a balance between accuracy
and efficiency. Nevertheless, the development and application
of MLPs for organic systems are still in the early stages, with
state-of-the-art models being optimized mostly for inorganic
materials.
To study the hydrogen-bond-driven self-assembly mecha-

nism, we chose the bisurea-based supramolecular polymer
EHUT as the research system.11,12,22 EHUT self-assembles in
nonpolar solvents, which lack hydrogen-bonding capabilities.
This reduces solvent−solute interactions, allowing for a more
direct observation of the hydrogen-bond-driven self-assembly
mechanism. EHUT monomers can self-assemble into long-
chain polymers in nonpolar solvents across a range of
temperatures, forming two main structures: tubes and
filaments. Experimentally, it was speculated that the tube
structure consists of multiple layers of cyclic molecules stacked
along the tube axis, with each layer containing three EHUT
molecules.23,24 Adjacent layers are interlaced at a fixed angle.
The filament structure exhibits a single-chain, fiber-like
structure.25 Experiments show that the viscosity of the tube
structure is much higher than that of the filament
structure.12,22 However, existing techniques have not yet fully
resolved the molecular-level assembly dynamics and micro-
structural evolution.
Herein, we use a charged-particle CG model based on the

MARTINI force field to simulate the temperature-dependent
self-assembly of EHUT, focusing on its bisurea structure.
Pavan’s group successfully constructed a charged-particle
hydrogen-bond model in the water-soluble BTA system,
revealing the cooperative mechanism from disordered
aggregation to ordered stacking and fiber growth.20,26

However, this model has a limited response to temperature
changes and is not suitable for EHUT systems, where
temperature plays an important role. We adjust the dipole
parameters in the model to directly simulate the effect of
temperature changes on the molecular interaction strength,
given that hydrogen bonding is mainly driven by local dipole
interactions. This approach successfully reproduces the tube-
to-filament structural transition across varying temperatures,
while maintaining the computational efficiency of the
MARTINI CG model. Additionally, we reveal the evolution
mechanism from monomer aggregation and filament extension
to tube formation through a multiscale dynamic analysis. Our
results could be helpful in designing tunable hydrogen-bond-
driven functional materials.

■ METHODS

Development of the EHUT-CG Models
The AA molecules were modeled using the general AMBER force
field (GAFF).27 The CG molecular dynamics simulations for EHUT-
CG self-assembly employ the Martini 2.2P force field.28 We mapped
each group of 2−4 heavy atoms onto a single bead according to the
standard MARTINI rules. The parametrization of the EHUT-CG
model was produced by the MARTINI force field. In order to better
map the toluene core, we considered only the position of the methyl
group. The single cyclohexane solvent was mapped to three SC1
beads. The toluene unit of EHUT was parametrized to three SC5
beads according to the aromatic ring (benzene). For the alkyl chains
part, we opted to use three SC1 beads instead of two C1 beads.20 For
the urea groups part, we used a polarizable water MARTINI bead
(POL),29 containing two movable charges in order to introduce a
dipole. The two charges were kept at a distance of 0.14 nm from the
URc center, with (−q)−URc−(+q) angle set to 180°. The value of q
was optimized to reproduce the dimerization free energy profile of
EHUT in cyclohexane at the atomic level.

DFT Calculations
For the isolated system, geometry optimization of EHUT was carried
out using DFT with the B3LYP exchange-correlation functional30 and
the def2-TZVP basis set.31 The GD3BJ empirical dispersion
correction32 was applied, and all calculations were performed using
the Gaussian 16 C.01 package.33 Potential energy surface scanning of
EHUT was described at the B3LYP/6-31G* level34,35 of theory. The
dipole moment of EHUT was described at the B3LYP/def2-TZVPD
level.36,37 Atomic charges were calculated using the restrained
electrostatic potential (RESP) method with the Multiwfn 3.8(dev)
code.38,39

For the periodic system, geometry optimization of the
preassembled tube structure was performed using the PBE-D3(BJ)
exchange-correlation functional40,41 and the DZVP-MOLOPT-SR-
GTH basis set,42 with the CP2K 2024.3 package.43 IGMH and BCP
analyses were carried out using Multiwfn, based on wavefunction data
calculated with the PBE-D3(BJ)/6-311G** level.32,44

MD Simulations
All the simulations were carried out under the NPT ensemble
(constant number of particles, pressure, and temperature) with the
GROMACS 2023.3 package,45 using the md (molecular dynamics)
integrator. The temperature was kept at 25 °C for the AA simulation
and at 25, 50, and 80 °C for CG simulations. The AA simulation used
a 2 fs time step and CG simulation used a 20 fs time step. In all
simulation, the V-rescale thermostat46 and the Parrinello−Rahman
barostat47 were employed in the temperature and pressure baths,
respectively. The temperature was maintained with a coupling
constant of 1 ps in the systems. The pressure was maintained at 1
bar with a coupling constant of 5 ps in the systems. All of the
simulations used isotropic pressure scaling. For electrostatic and van
der Waals interactions, in all CG systems, we used a straight cutoff
(1.2 nm). The particle mesh Ewald (PME)48 approach was used to
treat the long-range electrostatic effects. All the simulation maps in
the article were rendered using the VMD 1.9.3 software.49

The dimerization free-energy profiles of the AA and CG systems
were calculated using well-tempered metadynamics50,51 simulations as
implemented in the Collective Variables Module (Colvars)52 of
GROMACS. As shown in the gray beads of Figure 2a, the distance
between the center of mass of the two SC5 beads located on the side
chains of a single molecule and that of the remaining core bead was
used as the collective variable (HILLS height = 0.1 kJ/mol; HILLS
width = 0.02 nm; deposition rate = 500 time steps; bias temperature =
4000 K). The errors in the free-energy profiles of the AA and CG
systems were estimated from nine free-energy profiles extracted at
different times after the convergence of a single metadynamics run.
The free-energy difference was defined as the difference between the
minimum of the free-energy profile and the average free-energy value
in the range of 1.4−1.6 nm.
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AIMD Simulations
All AIMD simulations of the preassembled tube structure were
performed in the NVT ensemble using the CP2K 2024.3 package.43

The temperature was maintained at 25 °C using the CSVR
thermostat46 with a time constant of 100 fs. The valence-shell
electrons were described using the PBE exchange-correlation
functional within the generalized gradient approximation (GGA).40

Core−shell electrons were treated with Goedecker−Teter−Hutter
(GTH) pseudopotentials,53 and valence electrons were described
using the hybrid Gaussian and plane-wave (GPW) method.54 The
DZVP-MOLOPT-SR-GTH basis set42 was used, with plane-wave and
relative cutoffs set to 400 and 55 Ry, respectively. Dispersion
interactions were included via Grimme’s correction scheme (DFT-
D3).41 Periodic boundary conditions and Γ-point sampling were
applied.

Data Analysis
Amplification of Stacking Order in the EHUT Self-Assembly.

For all systems, the radial distribution function g(r) was calculated
using the GROMACS tool gmx rdf.20 The standard g(r) was obtained
by normalizing the number of particles in each shell to the shell
volume and the average number density.

Evolution of Aggregation during EHUT Self-Assembly. We
employed the gmx clustsize tool to monitor the self-assembly process
over time, tracking the evolution of the maximum cluster size, the
mean cluster size, and the total number of clusters formed in
cyclohexane.20 The average cluster size was determined by dividing
the total number of monomers by the number of clusters, with a
cutoff distance of 0.56 nm used to define cluster connectivity.

Average Stacking Order during EHUT Self-Assembly. The
order parameter Φ, reflecting the average core−core coordination
between pairs of toluene cores in EHUT, was calculated using gmx
mindist.20,26 A cutoff distance of 0.56 nm was applied to define ideal
stacking between cores. The resulting number of contacts was
normalized to the total number of monomers to yield the average
coordination value.

Aggregation Propensity after the EHUT Self-Assembly
Equilibrium. To evaluate the self-assembly tendency of EHUT,
aggregation propensity (AP) values were calculated as the ratio of the
solvent-accessible surface area (SASA) at the initial and final stages of

the simulation (AP = SASAinitial/SASAfinal), using the default
parameters of the gmx sasa tool (0.14 nm solvent probe).55,56 An
AP = 1 value indicates no aggregation, as SASAfinal remains unchanged
from the initial SASAinitial. An AP > 1 value corresponds to aggregation
(SASAfinal < SASAinitial). Typically, aggregated systems are considered
with AP ≥ 2. In this study, AP < 1 is not applicable, but it would
correspond to a system undergoing disassembly (SASAfinal >
SASAinitial). No error is included in the AP determination, as it is
based solely on the final frame of a single simulation.

■ RESULTS AND DISCUSSION

Coarse-Grained Models for EHUT

The EHUT molecule, as shown in Figure 1a, consists of a
central toluene unit, middle urea groups, and terminal alkyl
chains. Our primary objective was to construct a CG model
that reproduces the key features of the all-atom representation,
including the behavior of EHUT in the nonpolar solvent
cyclohexane, the monomer−monomer interactions, and the
structural differences that arise during self-assembly. To
achieve this, we employed the MARTINI coarse-grained
force field57,58 owing to its demonstrated reliability in
supramolecular self-assembly and its ease of implementation
(Figure 1b). We further adopted the recently optimized
MARTINI parameters (see Methods) to ensure an accurate
description of molecular interactions.20 In this model, the
EHUT molecule is represented by 11 beads: 3 SC5 beads for
the toluene core, 2 POL beads for the urea groups, and 6 SC1
beads for the alkyl chains.
Hydrogen bonds are directional, whereas CG models

typically employ nondirectional Lennard-Jones potentials.
How to represent the urea group in the CG model is the
key step in our parametrization. We employ an explicit
treatment of hydrogen bonding for the EHUT ureas (Figure
1c, in URc). The URc urea beads carry a dipole represented by
the ±q charges fixed at a set distance. This setting captures the
rigid orientation of urea and the directional nature of hydrogen

Figure 1. CG model for EHUT supramolecular polymers. (a) Chemical structure of the EHUT molecule. (b) MARTINI-based CG representation
of the EHUT molecule, mapped onto 11 beads: 3 SC5 beads (toluene unit), 2 POL beads (urea groups), and 6 SC1 beads (alkyl chains). (c) CG
representation of the EHUT core and the side chains. The hydrogen-bond donor and acceptor sites on the urea group are represented by a positive
charge (+q) and a negative charge (−q), respectively. (d) Radius of gyration (Rg) of the EHUT molecule in both CG and AA representations,
obtained from MD simulations of a single EHUT monomer in cyclohexane.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c03020
Macromolecules 2026, 59, 1517−1528

1519

https://pubs.acs.org/doi/10.1021/acs.macromol.5c03020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03020?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c03020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bonding, as observed in AA models. Following the MARTINI
coarse-graining protocol, we systematically calibrate bond,
angle, and dihedral parameters to replicate the conformations
of atomistic monomers in cyclohexane. This parametrization
strategy ensures both physical consistency with the reference
system and transferability across systems. The atom-to-bead
mapping of the EHUT, along with the corresponding bead
order, is shown in Figure S1. The bond, angle, and dihedral
distributions for both the EHUT all-atom (EHUT-AA) and
coarse-grained (EHUT-CG) models are shown in Figures S2−
S4. These structural parameters are in good agreement
between the EHUT-CG and EHUT-AA models. At the single
monomer level, the radius of gyration (Rg) of the EHUT-CG
model closely matches that of the EHUT-AA model in explicit
cyclohexane (Figure 1d: Rg = 0.591 ± 0.025 nm for EHUT-AA
and Rg = 0.593 ± 0.025 nm for EHUT-CG). This indicates
that the EHUT-CG model effectively captures the behavior of
the EHUT monomer in cyclohexane while requiring
significantly less computational time for the same system.
To determine the dipole parameter, we first evaluated the

accuracy of the CG model in describing the interactions
between monomers in solution. The schematic representation
of the EHUT pair is shown in Figure 2a, where blue beads
(+q) and red beads (−q) indicate hydrogen-bond donors and
acceptors, respectively. The variable of the free energy
corresponds to the distance between the dimers, defined as
the centroid distance of the two SC5 beads attached to the side

chains (the gray beads in Figure 2a). Using metadynam-
ics,50,51,59 we obtained the free energy of dimerization for both
the EHUT-AA and EHUT-CG models under ambient
conditions (Figure 2b,c). For the EHUT-CG model, we
calculated a series of free energy profiles at various charge q,
aiming to determine the q range that best matches the EHUT-
AA reference. The free energy curves of both the EHUT-AA
and EHUT-CG models have their minima at approximately
0.47 nm, with a plateau starting at around 1.3 nm. The
difference between the minimum point and the plateau
represents the free energy of association. The free energy
range for the EHUT-AA model is between 25.25 and 48.99 kJ/
mol (Figure 2b). We found that the free energy curves of the
EHUT-CG model at different charge values (0.28e to 0.36e)
fall within the free energy range of the EHUT-AA model
(Figure 2c).
To elucidate the origin of the multiple charge parameter q,

we use DFT calculations to investigate how the dipole moment
of a single EHUT molecule varies with temperature. First, the
conformational search of the EHUT molecule was performed
using Grimme’s xtb program (GFN-xTB method)60,61 to
obtain the ten lowest-energy structures. The local dipole
moment of the urea group varied for each conformation.
Second, we calculate the dipole moment of the urea group at
different temperatures using the Molclus program.62 For each
temperature, we first obtain the relative free energy of ten
representative conformations. The overall dipole moment at

Figure 2. Schematic illustration of the directionality of the urea−urea interaction and charge fitting in the EHUT-CG model. (a) The directionality
of the interaction between the URc beads (EHUT-CG) is explicitly imparted by the electrostatic interaction of the rigid dipoles (±q: red and blue).
The gray bead represents the center of mass of the SC5 bead, which is connected to two side-chain beads. Free-energy profiles for dimerization in
cyclohexane, obtained from metadynamics simulations of (b) the AA model and (c) the CG models with varying charge q (0.24e to 0.38e), under
ambient conditions. (d) Temperature-dependent local dipole moment of the urea group in the EHUT molecule. (e) Flexibility potential energy
surface scan of the C4−C5−N10−C14 and C2−C3−N12−C18 dihedral angles (scanned every 60°). The blue and red circles represent the
noncoplanar and coplanar configurations at high and low energy states, respectively.
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each temperature is then computed as a weighted average of
the dipole moments of these ten conformations, with the
weights determined by their Boltzmann-derived populations.
Finally, the local dipole moment μ of the urea group (indicated
by the blue dashed circle) increases with temperature, as
shown in Figure 2d. These temperature-induced changes in
dipole moment are not accounted for in all-atom classical MD
simulations, where atomic charges are predefined by the force
field and remain fixed regardless of temperature. As a result,
such simulations may fail to capture the temperature
dependence of hydrogen bonding, as they cannot reflect the
subtle variations in electrostatic interactions driven by thermal
fluctuations.
We further perform a flexibility potential energy surface scan

for the EHUT monomer, which offers support for the above
proposition. The dihedral angles C4−C5−N10−C14 and C2−
C3−N12−C18 are scanned at 60° intervals using DFT
calculations (see Figure 2e and Figure S5). We find that
low-energy conformations exhibit a planar alignment between
the urea groups and the molecular core, corresponding to
smaller dipole moments (lower q values). In contrast, higher-
energy conformations show a nonplanar arrangement,

associated with larger dipole moments (higher q values).
When the urea group is coplanar with the core, it facilitates the
formation of weak C−H···O hydrogen bonds, leading to a
slight reduction in the dipole moment of the urea group.
Conversely, the absence of this interaction in nonplanar
conformations leads to a larger dipole moment. These results
suggest that temperature variations can alter the local charge
distribution, which, in turn, affects the relative orientation
between the urea group and the molecular core. This
mechanism may underlie the temperature-dependent structural
behavior observed in experiments.16,22

Dynamic Behavior at Different q Values

In our coarse-grained model, we represent an increase in
temperature by increasing the charge parameter q, based on
the DFT-calculated trend shown in Figure 2d. After validating
the EHUT-CG parameters, we perform MD simulations on the
EHUT-CG model with varying charge q, while keeping the
bond parameters fixed. However, the number of monomers
that can be realistically simulated in explicit-solvent systems is
limited by the high computational cost associated with solvent
particles and long simulation times. As a result, the simulated
system is overconcentrated (in our case, ∼1−2 orders of

Figure 3. EHUT self-assembly simulations at 20 g/L under varying charge values q. (a) The initial model consisting of 100 EHUT molecules in
cyclohexane (for clarity, only the EHUT monomers are shown). Final structures after 15 μs are for (b) q = 0.28e (tube), (c) q = 0.29e (tube), (d) q
= 0.30e (filament), (e) q = 0.31e (filament), (f) q = 0.32e (filament), (g) q = 0.34e (filament), and (h) q = 0.36e (filament). Results are colored
according to the structures formed: filaments (blue) and tubes (green). Structures show the cross-section in the inset. (i) Radial distribution
functions g(r) of EHUT cores for different q values at 50 °C. (j) Order parameter Φ (core−core coordination) as a function of time in EHUT-CG
simulations at 50 °C. (k) AP scores as a function of charge q, illustrating the structural behavior of the EHUT self-assembly.
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magnitude higher than experiments).22 While decreasing the
concentration by reducing the number of monomers or
enlarging the simulation box is possible, it often leads to
poor statistical significance or impractically high computational
cost. Thus, we select a concentration of 20 g/L (100 EHUT
monomers dispersed in 20000 cyclohexane molecules) for the
simulations. The simulated concentration is five times higher
than the concentration in Burger’s experiments (4 g/L).22 The
initial model consisting of 100 EHUT molecules in cyclo-
hexane is shown in Figure 3a. The snapshots of the EHUT-CG
simulations (15 μs) after equilibration with different charge
values (q) are shown in Figure 3b−h. For the sake of clarity,
only the EHUT monomers are displayed in all simulation
figures. The self-assembled structure of EHUT-CG forms a
thick filament, defined as a tube composed of four filaments
(Figure 5a,c), when q = 0.28e and q = 0.29e. In our
simulations, no solvent molecules are present within the cavity
of the tube assemblies. As q increases from 0.30e, the structure
transitions into a thin filament, defined in this study as a
structure composed of one to two filaments (Figure 5a,b), and
this morphology remains consistent for q values ranging from
0.31e to 0.36e. The difference in the self-assembled structure at
different values of q suggests that the slight variations in the
dipole moment induced by temperature significantly influence
the self-assembly behavior of EHUT.
The radial distribution function g(r) describes the relative

probability of locating neighboring EHUT cores at defined
stacking distances (c for the closest neighbor, 2c for the second
neighbor, and 3c for the third neighbor). We computed g(r)
for EHUT cores based on the equilibrated trajectories (final 2
μs of each simulation), which serve as reliable indicators of
stacking order. Because the data are averaged over all
monomers, the relative intensities of the g(r) peaks at c, 2c,
and 3c reflect the degree of structural organization within the
assemblies. In general, higher g(r) peaks at these stacking
intervals correspond to better ordering and enhanced stability
of core stacking.
As shown in Figure 3i, the peaks in g(r) at stacking distances

c, 2c, and 3c become increasingly sharp as the charge parameter
q decreases. This trend indicates enhanced stacking order and
stronger intermolecular interactions within the assemblies. In
addition to these main peaks, a distinct secondary peak
emerges between c and 2c, corresponding to the distance
between EHUT monomers in adjacent filaments (see Figure
S6a). This interfilament peak is notably more intense at q =
0.28−0.29e than at q = 0.30−0.36e, suggesting tighter packing
between filaments at lower q. These findings reveal that EHUT
self-assembles into tube structures at lower q values (i.e., lower
temperatures) and into individual filaments at higher q values
(i.e., higher temperatures), in agreement with experimental
observations.22 Figure 3b−h further supports this interpreta-
tion by directly visualizing tube formation under low-q
conditions.
The molecular systems consisting of 100 EHUT-CG

monomers, initially dispersed in cyclohexane, provide an
insightful case study of the dynamics (Figure 3a). During the
early stages of coarse-grained molecular dynamics (CG-MD)
simulations (∼0 to 100 ns), monomers rapidly aggregate, as
evidenced by the sharp decline in the number of EHUT
clusters in solution (Figure S11b). The Φ index, representing
the average coordination number between EHUT cores (see
Figure S6b), ranges from 0 (fully dispersed) to a theoretical
maximum of 2 (perfect stacking with two neighboring

monomers). The time evolution of the order parameter Φ
(core−core coordination) indicates that EHUT assemblies
remain largely disordered during the first ∼1 μs (Figure 3j). As
the simulation progresses, the Φ index increases significantly,
reaching approximately 1.8 after 15 μs for q = 0.28e and q =
0.29e. For q = 0.36e, the Φ index stabilizes at a lower value of
∼1.4. Notably, during the CG-MD simulation, the largest
EHUT assembly spontaneously evolved into a 100-mer cluster,
as illustrated in Figure S9b and Figure S10b. Interestingly, a
lower charge q is associated with a higher Φ value, indicating
an enhanced stacking order. These findings align with previous
g(r) analysis, reinforcing that while initial aggregation occurs
rapidly, the establishment and amplification of stacking order
within the oligomers proceed at a much slower pace.
In order to better evaluate the self-assembly tendency, we

calculated the AP of the EHUT systems at different q values.
AP values were calculated as the ratio of the SASA at the initial
and final stages of the simulation.55,56 The AP values are shown
in the bottom right corner of Figure 3b−h. For all simulations
with different q values, the AP value remained above 2,
indicating a strong aggregation tendency across all systems.
Experimental observations further confirm that EHUT
molecules exhibit a high propensity for self-assembly via
hydrogen bonding, forming stable aggregates consistent with
our simulation-derived AP values.22 The AP values depend on
q values, as shown in Figure 3k; at lower q values, AP exceeds
3, indicating stronger self-assembly. Notably, the tube structure
exhibits AP values above 3, whereas the filament structure
remains below this threshold. The AP values exhibit a slightly
nonmonotonic behavior at q = 0.31e and q = 0.32e, where the
structures consist mainly of multiple short filaments due to the
relatively high q. In contrast, long filaments are observed at q =
0.34e and q = 0.36e. In both cases, the AP values of the short-
and long-filament structures remain below 3. This suggests that
lower q values promote tube formation with stronger
aggregation, whereas higher q values favor filament structures
with weaker aggregation.
Recently, temperature-dependent experiments have shown

that, at a concentration of 4 g/L, EHUT tubes are formed in
cyclohexane below 49 °C.22 When the temperature exceeds
this threshold, the tubes undergo a transition into filament
structures. In the EHUT system, higher concentrations lead to
higher transition temperatures. Given that our system has a
concentration of 20 g/L, the transition temperature is expected
to exceed 49 °C but remain below 80°C, considering the
boiling point of cyclohexane. Therefore, we evaluated the
system’s behavior at different temperatures (25 °C, 50 °C, and
80 °C), taking into account the accuracy of our model.
To test the temperature sensitivity of our CG models, we

performed a quantitative analysis from three aspects: (i) radial
distribution function g(r), (ii) order parameter Φ, and (iii)
cluster analysis (see Methods for details). First, (i) at 25 °C,
the peaks at c, 2c, and 3c are lower than those observed at 50
°C and 80 °C, although the overall trend remains consistent:
lower q values result in higher peak intensities at all positions.
The relatively weaker peaks at 25 °C are attributed to the
limited simulation time (15 μs), which may be insufficient for
full equilibration at lower temperatures. Extending the
simulation to 25 °C would incur significantly higher computa-
tional costs. Notably, the weak temperature sensitivity of our
CG model is consistent with previous reports, suggesting that
the model reliably captures room-temperature behavior. At
higher temperatures, shorter simulations suffice to reach
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structural equilibrium due to the time−temperature effect.
Second, (ii) the Φ index shows a similar temperature
dependence, increasing with temperature (Figure 3j and Figure
S8). At 25 °C, Φ remains relatively low throughout the 15 μs
simulation, suggesting incomplete structural evolution. In
contrast, at 50 and 80 °C, Φ stabilizes at higher values,
indicating that elevated temperature accelerates equilibration.
These results align with the trends observed in g(r) and
reinforce the time−temperature effect. Finally, (iii), as shown
in Figures S9−S11, cluster analysis of EHUT at the three
temperatures reveals consistent behavior. In all cases, EHUT
monomers initially aggregate slowly over the first ∼0−100 ns.
The average and maximum cluster sizes reach their peak values
(approximately 100 monomers) around ∼1 μs, regardless of
the temperature or charge q. Between 1 and 15 μs, the cluster
sizes remain stable. Simultaneously, the number of clusters
rapidly decreases to a minimum (∼1−2) within the first ∼1 μs
and remains low thereafter. These findings indicate that the
temperature mainly accelerates the dynamics of self-assembly
but does not alter the underlying kinetic trends. Considering
the time−temperature effect and computational cost, we focus
our subsequent discussion on the mechanism and dynamics of
EHUT supramolecular polymerization at 50 °C.

Mechanism of EHUT Self-Assembly in Cyclohexane

In order to more accurately describe the dynamic behavior of
the 100 EHUT-CG self-assembly system at different charge
values (q), we plotted the CG-MD trajectories at different
simulation times (0.01, 0.1, 1, and 15 μs). We selected q =
0.28e (tube, Figure 4a) and q = 0.34e (filament, Figure 4b) as
representative cases for analyzing the self-assembly process. At
the early stage (0.01 μs), EHUT-CG monomers with q = 0.28e
and q = 0.34e aggregate, initially forming multiple small
clusters. By 0.1 μs, the number of clusters decreased
significantly in both cases. However, at q = 0.28e, tube
structures have not yet formed, while at q = 0.34e, filament
structures begin to emerge. Notably, by 1 μs, distinct tube and
filament structures are observed for q = 0.28e and q = 0.34e,
respectively. At this stage, both systems exhibit a single large
cluster (Figure 4c, in dashed lines), with the tube structure
remaining flexible. The Φ index (Figure 4c, in solid lines)
indicates an ordered state in both cases, with a higher average
Φ value for q = 0.28e compared to q = 0.34e. At the final
equilibrium state (15 μs), the tube structure becomes more
rigid, while the filament straightens.
These morphological differences suggest distinct assembly

mechanisms. To investigate this, we analyzed the early-stage
self-assembly behavior by magnifying a snapshot at 0.01 μs
(Figure 4d). In the tube-forming system (q = 0.28e), EHUT

Figure 4. Self-assembly of EHUT molecules into tube and filament structures. Snapshots at 0.01 μs, 0.1 μs, 1 μs, and 15 μs for the 100 EHUT-CG
self-assembly system at charges (a) q = 0.28e and (b) q = 0.34e. (c) Number of EHUT clusters and order parameter Φ (core−core coordination) as
a function of CG-MD simulation time for the 100 EHUT self-assembling systems at both q = 0.28e (blue) and q = 0.34e (red). (d) Snapshots with
local magnification at 0.01 μs for the 100 EHUT-CG self-assembly system at q = 0.28e (top) and q = 0.34e (bottom). For clarity, all SC1 beads
were rendered as ghost atoms. (e) CG-MD trajectories as a function of average cluster size and Φ.
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monomers aggregate into disordered clusters. In contrast, at q
= 0.34e, monomers bypass large disordered clusters and
directly assemble into short ordered filaments. We further
analyzed the evolution of the system in terms of the average
cluster size and the order parameter Φ (Figure 4e). At both q =
0.28e and q = 0.34e, EHUT monomers initially assemble into
disordered clusters comprising approximately 2−10 molecules
(Φ in the range of 0−0.8). These small clusters gradually
merge into larger ones comprising approximately 50−100
molecules (Φ in the range of 1.2−2.0). As the system evolves,
the arrangement becomes increasingly ordered, leading to well-
defined supramolecular assemblies, as reflected in the discrete
steps in the top-right region of the plot.

The interplay between directional hydrogen bonding and
nondirectional electrostatic interactions governs the self-
assembly pathways and the resulting morphologies. For
filament structures, a larger hydrogen bond dipole moment
(q value) enhances electrostatic interactions, promoting the
formation of ordered, small clusters from the beginning. These
clusters then grow by stepwise polymerization, where
monomers or small clusters sequentially merge with existing
ordered structures, promoting one-dimensional growth of the
filaments. In contrast, tube structures follow cooperative
polymerization. The system first forms a large disordered
aggregate, which then undergoes continuous molecular
rearrangement and optimization of the hydrogen bond

Figure 5. Mechanism of EHUT self-assembly in cyclohexane. (a) Tube and filament structures formed by EHUT self-assembly (cross-sectional
view for the tube). (b) Schematic representation of two filament types: monomolecular and bimolecular. EHUT molecules are depicted as
dumbbells with red spheres representing urea groups. Hydrogen bonds are shown as dashed lines connecting the urea groups. (c) Schematic of the
EHUT tube obtained from simulations, with the top view shown above. (d) Proposed tube structure based on experimental hypotheses with the
corresponding top view above. Potential energy evolution of preassembled EHUT structures in AIMD simulations: (e) simulation-derived
structure; (f) experimentally proposed trans structure; (g) experimentally proposed cis structure. Snapshots at 0 and 8 ps are shown. (h) DFT
calculations of all-atom EHUT molecules preassembled into the tube structure based on CG simulations. The red dashed lines indicate hydrogen
bonds. (i) IGMH interaction analysis of EHUT fragments (isosurface: 0.003 au). (j) BCP (brown dots) analysis between two EHUT fragments
(alkyl chains excluded for clarity). Numbers 1, 2, 3, and 4 indicate the BCP of the four hydrogen bonds. Figure 5i,j shows fragment structures
derived from Figure 5h (for clarity, only the preassembled portion of the EHUT molecules is shown).
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network. This process gradually increases the order of the
structure, leading to the formation of a tubular structure.
Further, we perform a quantitative analysis of the tube and

filament structures. The tube has a diameter of ∼2.8 nm and a
length of ∼12.4 nm (Figure 5a, in the tube). In contrast, the
filament is thinner and longer compared to the tube (Figure 5a,
in the filament). The schematic diagram of the filament self-
assembly equilibrium state is shown in Figure 5b, where the
filament consists of one or two thin filaments. This structural
feature is consistent with the 15 μs simulation snapshot
presented in Figure 4b. Moreover, the calculated linear density
of the simulated preassembled filament is consistent with the
experimental values, as shown in Table 1 and Figure S13a.

These results demonstrate that the filament structure obtained
from simulation is in good agreement with the experimental
observations. Similarly, after 15 μs of equilibration, the tube
structure is shown in Figure 4a. Our simulations reveal that the
tube structure consists of four filaments assembled side-by-
side, with EHUT monomers adopting a staggered arrangement
between adjacent filaments (Figure 5c). However, experimen-
tal studies propose an alternative model, where the tube acts as
a modular building block that stacks in a brick-like fashion
(Figure 5d). This comparison highlights distinct differences
between the simulated and experimental tube structures in
terms of the molecular packing and hierarchical assembly.
To evaluate the consistency between the simulation results

and the experimental hypothesis, we performed AIMD
simulations on both the simulated and experimentally
proposed preassembled tubes.23 The plots of potential energy
versus simulation time for the simulated and experimental
preassembled tubes are shown in Figure 5e−g. As shown in
Figure 5e, the simulated tube structure, initially preassembled
at the beginning, retains its tubular morphology after reaching
equilibrium at 8 ps, as indicated by the plateau in potential
energy. In contrast, the experimental preassembled tube,
starting as a tube at 0 ps, collapses by 8 ps. Both the trans
and cis preassembled structures fail to retain their structural
integrity, as shown in Figure 5f,g, with their respective
configurations depicted in Figure S12. Furthermore, the linear
density of the simulated preassembled tube obtained from
AIMD calculations is consistent with the experimental values,
falling within the range characteristic of the tubular structure,
as shown in Table 1 and Figure S13b. These results
demonstrate that the simulated tube structure better reflects
both the thermodynamic stability and the kinetic resilience of
the system.
Additionally, we performed DFT geometry optimizations on

the simulated preassembled tube structures. Figure 5h shows
the optimized configurations, which remain stable and preserve
the characteristic tubular morphology. Importantly, a large

number of hydrogen bonds are retained in the optimized
structure (Figure 5h, shown in red dashed lines), highlighting
hydrogen bonding as a key factor in stabilizing the tube. In
contrast, the experimentally proposed preassembled AIMD
tube structure collapses due to an insufficient number of
hydrogen bonds. These findings support the conclusion that
hydrogen-bond-driven self-assembly is better captured by the
simulated structure.
We further explored the mechanism underlying tube

formation in simulations by examining the interactions
between EHUT molecular fragments via DFT calculations,
using the independent gradient model based on Hirshfeld
partitioning (IGMH).63 Figure 5i illustrates the interactions in
the simulated tube. The results show that tube formation
mainly relies on N−H···O, C−H···π, and π−π interactions.
Further analysis reveals that a single filament is mainly held
together by strong N−H···O hydrogen bonds (blue areas and
large electron clouds indicate strong interactions) and weaker
π−π interactions (smaller electron clouds). In contrast, the
tube formed by four filaments relies mainly on weak C−H···π
interactions. Although individual C−H···π interactions are
weak, their cumulative effect among multiple filaments results
in a stable structure.
Finally, we analyzed the BCP between two EHUT molecules

to determine whether the interactions are bonding or
nonbonding (Figure 5j). The yellow spheres in the figure
represent BCPs, and the values for each point are given in
Table 2. The analysis shows that the Laplacian of electron

density and binding energy are both positive, indicating that all
interactions are nonbonding. The table also lists four hydrogen
bonds at different positions, and their interaction energies are
similar, suggesting that the hydrogen bond strengths are
approximately equal. We substituted the electron density
values at the BCPs of the four hydrogen bonds into the
empirical hydrogen bond energy estimation formula developed
by Lu et al.: ΔE ≈ −223.08 × ρBCP + 0.7423.64 The resulting
hydrogen bond energies, summarized in Table 2, range from
−5.0 to −5.9 kcal/mol. Although a single hydrogen bond is
relatively weak, a urea group can form strong double hydrogen
bonds (−11 kcal/mol), and one EHUT molecule can form up
to eight hydrogen bonds. These results explain why even
experimentally small amounts of EHUT can readily form a
high-viscosity tubular system under ambient conditions.

■ CONCLUSIONS
In this work, we have developed a portable, temperature-
dependent coarse-grained model based on the MARTINI force
field. The model investigates the supramolecular polymer-

Table 1. Linear Density of EHUT Self-Assemblies in
Experiment (nexp) and Ab Initio Molecular Dynamics
Simulation (nAIMD)

Structure nexp (Å−1) nAIMD (Å−1)

Filament 0.23a 0.20
Tube 0.57b 0.65

aThe filament structure is characterized by a linear density of 0.2−0.3.
The values were obtained in CDCl3 at 32 mM. bThe tube structure is
characterized by a linear density of 0.5−0.7. The values were obtained
in D8-toluene at 12 mM.24

Table 2. Bond Critical Point (BCP) Properties: Electron
Density (ρBCP), Laplacian of Electron Density (∇2 ρBCP),
and Binding Energy (ΔE)

Bond ρBCP (a.u.) ∇2 ρBCP (a.u.) ΔE (kcal/mol)

N−H1···Oa 0.0299 0.1097 −5.9
N−H2···Oa 0.0278 0.1043 −5.5
N−H3···Oa 0.0299 0.1089 −5.9
N−H4···Oa 0.0258 0.0961 −5.0
C−H···π 0.0032 0.0099 -
π···π 0.0032 0.0079 -

aThe values labeled 1, 2, 3, and 4 of N−H···O in the table correspond
to the four hydrogen bonds shown in Figure 5j.
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ization and dynamic self-assembly of EHUT in the nonpolar
solvent cyclohexane. Simulations based on this model
successfully reproduce both filament and tube structures
observed in experiments at various temperatures. We
performed AIMD calculations on both the simulated and
experimentally hypothesized preassembled tube structures.
The results show that the simulated tube, formed by the
staggered association of four filaments, is more thermodynami-
cally and kinetically stable. The simulated filament structure
agrees well with the experimental observations.
Molecular dynamics simulations reveal that lower dipole

values weaken intermolecular interactions, favoring the
formation of tube structures. At higher dipole values, the
system prefers the growth of elongated filament structures. The
formation mechanisms are distinct: filaments form via stepwise
polymerization, while tubes assemble through cooperative
polymerization. We further analyzed the intermolecular
interactions within the preassembled structures using DFT
calculations. Filament formation is mainly driven by hydrogen
bonding, whereas tube formation involves not only hydrogen
bonding but also C−H···π and π···π interactions. This model
provides new insights into the temperature-dependent
dynamics and mechanisms of hydrogen-bonded supramolecu-
lar polymers. These findings provide theoretical guidance for
the design of controllable supramolecular polymers.
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Figure S1. Atom-to-bead mapping of the EHUT.

Figure S2. Averaged bond distribution of EHUT-AA (blue) and EHUT-CG (red) for
different bonds.

S2



Figure S3. Averaged angle distribution of EHUT-AA (blue) and EHUT-CG (red) for
different angles.

Figure S4. Averaged dihedral angle distribution of EHUT-AA (blue) and EHUT-CG (red)
for different dihedral angles.
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Figure S5. Schematic of the flexible potential energy surface scan of the EHUT molecule.
The dihedral angles C4-C5-N10-C14 (blue) and C2-C3-N12-C18 (green) are the two scanned
dihedrals. The red color indicates the C–H· · ·O weak hydrogen bond.

Figure S6. (a)Schematic of neighboring BTA cores for radial distribution functions g(r) at
stacking distance (c, closest neighbor; 2c, second neighbor; etc.). Intercore spacing c equals
4.7 Å. The intercore distance between two filaments ranges between c and 2c. (b) Schematic
of neighboring BTA cores for order parameter Φ. Intercore spacing d equals 5.6 Å.
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Figure S7. Amplification of stacking order in growing EHUT supramolecular polymers.
Radial distribution functions g(r) of EHUT cores in different charge q systems at (a) 25 ◦C
and (b) 80 ◦C.

Figure S8. Order parameter Φ (core-core coordination) as a function of time for the EHUT-
CG model at 20 g/L: (a) 25 ◦C and (b) 80 ◦C.
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Figure S9. Average cluster size during EHUT-CG simulation for 100 self-assembling sys-
tems at (a) 25 ◦C, (b) 50 ◦C, and (c) 80 ◦C.

Figure S10. Maximum cluster size during EHUT-CG simulation for 100 self-assembling
systems at (a) 25 ◦C, (b) 50 ◦C, and (c) 80 ◦C.

Figure S11. Number of clusters during EHUT-CG simulation for 100 self-assembling sys-
tems at (a) 25 ◦C, (b) 50 ◦C, and (c) 80 ◦C.

S6



Figure S12. Proposed pre-assembled tube configurations of EHUT molecules based on
experimental hypotheses: (a) trans and (b) cis. Each configuration is shown from the top-
view (upper panels) and side-view (lower panels). Cyan, blue, red, and white beads represent
C, N, O, and H atoms, respectively.
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Figure S13. Schematic illustration of EHUT self-assemblies in ab initio molecular dynamics
simulation (8 ps), showing the (a) filament and (b) tube structures. The red numbers indicate
the characteristic lengths. The VDW surface is defined by the lengths of the three sides of
the cube.
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