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|. Introduction

Entropically controlled assemblies of conjugated
amphiphiles

Xiangyu Zhang and Thi Vo= *

Amphiphiles with conjugated subunits possess favorable optical and electronic properties as well as the
intrinsic ability to propagate these features across scales via supramolecular self-assembly. These capabilities
highlight their tremendous potential for applications in drug delivery, sensing, flexible electronics, and/or
integrated circuits. However, achieving systematic control over their self-assembled morphologies remains
challenging due to the lack of understanding on how the effects of molecular geometry propagate across
hierarchical length scales to influence their mesoscale assembly behaviors. Herein, we employ a combination
of molecular dynamics simulations and a scaling theory to characterize the assembly behaviors for a model
system of conjugated amphiphiles. Firstly, we demonstrate how variations in the length of each amphiphilic
block modulate its equilibrium supramolecular self-assembly behaviors using a coarse-grained simulation
model that preserves the intrinsic molecular-level geometries of each respective conjugated motif. Then, we
employ a scaling theory to elucidate the microscopic interactions driving the observed morphological shifts in
simulations. Our findings reveal that the supramolecular self-assembly of conjugated amphiphiles is governed
by a balance between association enthalpy arising from n—n interactions and entropic penalties arising from
geometry-mediated steric repulsions. Then, we leveraged the insights provided by simulation and theory to
predict a suite of self-assembled morphologies accessible using our model amphiphilic system across
experimentally testable design parameters. Our findings not only establish a practical approach to simulate
the mesoscale self-assembly of conjugated amphiphiles but also provide important insights into the
microscopic mechanisms underlying their macroscopic behaviors.

subsequent self-assembly centers around combining two types
of oligomeric blocks, ie., a flexible (non-conjugated, amor-

Recent advances in synthesis and supramolecular self-assembly
have led to an unprecedented growth in our ability to create
synthetic materials exhibiting a diverse range of complex
architectures.'™* These features can include different monomer
chemistries that introduce novel properties into existing poly-
mers, thereby creating multifunctional materials,%**?* or
sequence-controlled oligomeric sequences that direct hierarchical
organizations during processing/assembly.”**>° Amongst this
expansive library of materials, conjugated moieties have emerged
as an attractive suite of molecular chemistries owing to their
strong optical, electronic, and biological properties, which make
them amenable for applications in flexible displays,*® integrated
circuits,®' sensors,** smart e-skins,*® wearable electronics,**>8
and drug delivery.*>*°

One popular class of synthetic materials constructed from
conjugated moieties is m-conjugated amphiphiles,”'471%*1746
Although each specific amphiphile can differ, the key design
paradigm for synthesizing conjugated amphiphiles and their
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phous) block and a conjugated block. Specifically, the flexible
blocks regulate self-assembly via noncovalent associative interac-
tions and/or steric stabilization/limitation, while the conjugated
blocks direct additional ordering within the micro-separated,
conjugated domains via quadrupolar and n-n interactions. This
latter feature of emergent orientational and structural ordering
within a sub-domain makes n-conjugated amphiphiles particu-
larly useful in supramolecular and hierarchical self-assembly. For
example, n-conjugated peptide amphiphiles have been shown to
organize into nanofibers/networks of co-facial n-rn ring stacking,
thereby mediating charge transport for organic electronics
applications.>*”*® Alternatively, m-conjugated drug molecules
can be covalently linked to an OEG-bottlebrush tail to drive their
self-assembly into nanostructured micelles with tightly aligned
n-m packing inside their core.*® This additional n-n alignment
increases the spectroscopic responses of the conjugated mole-
cules, providing an alternative handle for the imaging and
detection of the localization/distribution of therapeutics.**>°
Despite their tremendous potential, systematic control over
the spatial and orientational ordering of the conjugated domain
during supramolecular self-assembly remains an on-going
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challenge. Unlike their flexible counterparts, conjugated mono-
mers are more rigid and possess well-defined anisotropic geo-
metries. Consequently, the interplay between enthalpic effects
such as m-7 stacking and entropic effects arising from geome-
trical packing can disrupt the desired, pre-programmed mor-
phological ordering embedded into the molecular structure of
the amphiphile.’’* Efforts to address this challenge have
leveraged atomistic simulations to characterize the precise
orientational and spatial ordering between the conjugated
monomers at a local level.>*"*3°5°¢ However, these models
are often very complex, making it computationally prohibitive
to simulate mesoscale assembehaviors for direct comparison
with experimental observations. Alternatively, although coarse-
grained methods have been developed to simulate conjugated
interactions,””*® the typical approaches utilize spherical mono-
mers to model parts (or an entire) of the conjugate monomer.
These simplifications ignore the geometrical constraints
imposed by the shape of the conjugate monomers and cannot
accurately trace how the effect of molecular geometry propa-
gates across scales to influence the experimentally observed
morphologies. This lack of insight limits our current abilities to
a priori tune the emergent shapes, sizes, and hierarchical
ordering of conjugated amphiphiles during supramolecular
self-assembly.

In this study, we address this open question using a coarse-
grained model designed to preserve the molecular geometry,
which is also computationally inexpensive, to enable the char-
acterization of mesoscale assembly behaviors. Specifically, we
preserve the geometrical fidelity of the conjugated monomers
by simulating them as anisotropic monomers whose shape
reflects the molecular structure of the monomer. The, we explore
the mesoscale assembly behaviors of a model system of triblock
flexible-conjugated-flexible amphiphiles across two amphiphile
design handles commonly varied in experiments, ie., flexible
block length and conjugate block length. To explain the physical
origins of the observed morphologies, we developed a scaling
theory that balances the enthalpic gain from n—r stacking against
the entropic loss due to crowding between the flexible blocks.
Our results highlight a critical interplay between the conjugated
and flexible blocks that produces a diverse suite of self-assembled
structures spanning filaments, networks, and self-limiting clus-
ters, all of which exhibit spatially and orientationally ordered
stackings between the conjugated monomers known from experi-
ments and atomistic simulations.’® Thus, our combined theory
and simulation framework provides a powerful tool to guide the
design of conjugated amphiphiles spanning a range of experi-
mentally relevant handles such as block lengths, amphiphile
architectures, and monomer geometries.

[l. Methods

Computational model

We first present our coarse-grained simulation model for the
triblock flexible-conjugated-flexible amphiphiles of interest.
Fig. 1a illustrates the mapping between the molecular structure
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Fig. 1 Simulation of conjugated amphiphiles. (a) Schematic of the map-
ping between molecular structure and the coarse-grained model. Con-
jugated beads are modelled as pentagonal prisms to preserve their
respective molecular geometry. All other beads utilize a spherical mono-
mer geometry. Specifically, in this schematic, Ny = 3 and N. = 4. (b)
Simulation snapshots showing the transitions from a filament to network
structures with an increase in the conjugated block (N.) length, reprodu-
cing (c) experimentally observed behaviors. Panel (c) is reproduced with
permission from ACS Publications.”®

of the amphiphile and the model. Specifically, we place the
conjugated block at the center and flexible blocks flanking the
left and right ends of the amphiphile. We select a pentagonal
geometry (pentagonal prism) for the conjugated monomers to
model the geometry of thiophene, a common monomer used in
the synthesis of conjugated amphiphiles.*>*®>*>° The thickness
and edge length of the pentagonal prism used to model thio-
phene were selected to match the average ratio between the n-n
stacking distance (d,)) and C-C bond length (dc) for thiophene,*
where d./dc ~ 2.5. To simulate the anisotropic particle geome-
tries, the interactions between the pentagonal prisms utilize the
anisotropic Lennard-Jones potential (AL]).®* Given that bonding
between the conjugated monomers is site specific, we utilize a
spherical bonding site (Fig. 1a, gray beads) to mediate the
connectivity between the thiophene monomers. The size of this
spherical bonding site is set to be the same as the monomer size
for the flexible block and defined to be 0.6-0 times the edge
length of the pentagonal prism to match the ratio between the
peptide and C-S bond length within the conjugated thiophene
ring.°® To capture the relevant m-m stacking between the

This journal is © The Royal Society of Chemistry 2025
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conjugated monomers, we employ a dipole-dipole interaction
potential, with the dipole moment defined to be perpendicular
to the large face of the pentagonal prism (in the particle frame).
Additionally, we include a central bead to induce tilted stacking
between the conjugated monomers (Fig. 1a, purple beads).
Combined, this set of interaction potentials preserves the offset
n-n stacking observed in experiments and atomistic simula-
tions.*>*®>°% All other interactions are set to be sterically
repulsive via the Weeks-Chandler-Anderson (WCA) potential.®>
All bonding between conjugated and flexible monomers utilizes
the finite extensible nonlinear elastic (FENE) potential®® to repro-
duce the self-avoiding, flexible nature of the non-conjugated
amphiphile monomers. Lastly, we use both a harmonic angle
potential and an OPLE dihedral potential®* to constrain the
rotations between the conjugated monomers. This was specifi-
cally constructed to reflect the rigidity observed in both experi-
ments and atomistic simulations.>**>> Simulations performed
using our proposed model can reproduce both the filament and
network mesoscale structures observed in experiments with
increasing conjugated block lengths (Fig. 1b and c). Full details
of the simulation model, including all relevant potential para-
meters, are presented in Appendix A in the SI.

To elucidate the mechanisms underpinning how a flexible
block length (N¢) and conjugate block length (N.) impact the
self-assembly of amphiphiles, we vary Nf from 1 to 25 and N,
from 1 to 4. These lengths are selected for comparison with
experimentally synthesized amphiphiles in the literature.”® All
simulations are performed using HOOMD-blue®® under the
canonical ensemble (NVT) using the Nose Hoover thermostat®®
with reduced units of T =1 and integration timestep of 0.002. In
our simulations, solvent effects are implicitly accounted for via
the relative differences in the pairwise interaction energy between
particles. Specifically, we defined the interaction parameters to
produce steric repulsion interactions between the monomers in
the flexible blocks and dipole-mediated attractions between the
monomers in the conjugated blocks. In this way, the dipole-
mediate interactions mimic the poor solvent conditions between
the conjugated cores, thereby driving self-assembly. Similarly, the
steric-mediated repulsion between the flexible blocks mimics the
solvation shells around the flexible monomers (i.e. good solvent),
which arise in explicit solvent systems that prevent aggregation.
Each simulation contains 160 amphiphiles at a set volume
fraction of 0.02. To maintain this target volume fraction, the
simulation box is varied in size. Larger systems (longer N, or Ny)
will have larger box sizes, but all simulation boxes are scaled to
ensure a constant system volume fraction across the entire suite of
simulations performed. All simulations were run for a minimum of
8 x 10’ integration time steps. To ensure that the self-assembled
morphology is the equilibrium structure, we additionally perform
extensive simulated thermal annealing, where the simulation
temperature undergoes extensive cyclical thermal oscillation. In
each cycle, the system is heated to a high temperature of 7 = 1.2
and allowed to adapt to the new temperature for 1 x 10° integra-
tion timesteps. This is followed by lowering the temperature to 7* =
1.0 and equilibration for 4 x 10° integration timesteps to allow the
reassembly of the melted local defects.

This journal is © The Royal Society of Chemistry 2025
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Order parameters

We anticipate that the amphiphiles will self-assemble into core-
shell like structures, where their core contains the n-n stacked
conjugated monomers and the flexible monomer makes up the
corona (shell). Therefore, to characterize the morphology of the
self-assembled amphiphiles in our simulations, we employ two
order parameters, o (eqn (1)) and ¢ (eqn (2)). Mathematically, o
is defined as follows:

2
o
o= Z (m) (1)
where nr is the total number of amphiphiles in the simulation
and o; is the number of amphiphiles within a self-assembled
structure (cluster). The summation runs over all distinct clusters
observed in the equilibrated system. Clusters are identified by
grouping all conjugated monomers whose center-to-center dis-
tances fall within 1.5 times the size of the central bead (purple
particles, Fig. 1a). This tight cutoff is set to ensure that only
conjugated monomers that directly contact each other are
clustered together. Physically, « represents a scaled aggregation
number (between 1/nr and 1) for the self-assembled structure
observed in the simulations. When « approaches 1, all amphi-
phile chains are connected into one continuous network. Con-
versely, o = 1/nr indicates that every amphiphile is in its own
cluster, which correlates to a disordered system.

To quantify the alignment between conjugated monomers, we
first note that the associations between the pentagonal prisms
are mediated by face-centered dipole-dipole interactions. This
means that monomers can only stack face-to-face relative to each
other. Consequently, an angle cutoff will yield the same relative
angle between monomers, making it difficult to use it as an order
parameter for characterization. For this reason, we introduce the
parameter ¢, which is defined as follows:

Ly (4
=52 (2) @)
where ¢; is the number of conjugated monomers stacked on top
of each other within a cluster and the summation is again taken
over all clusters observed in the simulations. By construction, ¢
provides a scaled metric (between 1/ny and 1) for the extent of
face-to-face stacking between the conjugated monomers, normal-
ized by the number of conjugated monomers per amphiphile. A
decrease in ¢ indicates more misalignment between the con-
jugate blocks and ¢ = 1/np means that the conjugated blocks are
orientationally disordered. This convergence to ¢ = 1/ny, as
opposed to 0 for no alignment, reflects our definition of counting
a free, unassociated conjugated monomer to contribute to 1 face-
to-face stacking within the clusters. Additionally, ¢ can never
exceed o, given that the number of stacked conjugated blocks is
constrained by the aggregation number of the cluster. Through
this lens, ¢ provides information about the morphology of the
self-assembled structure. A low ¢ indicates disordered/no assem-
bly, while a high ¢ suggests filament-like structures. We provide
two clarifying examples for the behavior of ¢, i.e., quantification
for a misaligned and perfectly aligned structure in Fig. 2 for the
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Misaligned Stacking

Aligned Stacking

Fig. 2 Alignment order parameter. (a) Misaligned stacking example (¢ =
0.39) and (b) perfect stacking example (¢ = 1.0). For each, top row shows
the structure. Bottom row draws lines connecting the different face-to-
face motifs. In (a), the gray line (4 total) identifies the motif with only 1
monomer, pink (2 total) identifies the motifs with 2 face-to-face aligned
monomers, and the yellow line (1 total) shows the motif with 4 face-to-
face aligned monomers. In (b), the yellow line (2 total) highlights the motif
with 6 face-to-face aligned monomers.

case of N, = 2. Fig. 2a (top) shows a “misaligned” stacking in a
system with a total of 6 amphiphiles, individually colored for
clarity, where each amphiphile has 2 conjugate monomers (two
per color). By inspection, there are 3 stacking motifs (Fig. 2a,
bottom). The first corresponds to the 4 monomers (gray line) with

View Article Online
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no face-to-face stacking with any other monomers. The second
corresponds to 2 subsets of particles (pink line) each with 2
monomers showing face-to-face stacking. The last corresponds to
1 subset of particles (yellow line) with 4 monomers exhibiting
continuous face-to-face stacking. The definition of ¢ (eqn (2)) is

1\ 2\ [4)°
as follows: ¢ = 2{4 <6) +2 (6) +<6) } = % This value cor-

responds to a limit of low alignment between the conjugated
monomers. Conversely, Fig. 2b (top) shows the same 6-amphi-
phile system but with a “perfectly aligned” configuration between
the conjugated monomers. Here, there is only 1 motif, ie.,
6 monomers with continuous face-to-face stacking (yellow line
in Fig. 2b, bottom). Given that there are two instances of this

1 2
motif, ¢ = 5{2 (g) ] = 1. More detailed example calculations

for both o and ¢ for other relevant morphologies are shown in
Appendix B, Fig. B1. Parameters « and ¢ will be used to analyze
and categorize the morphologies observed from simulations.

lll. Results and discussion
Order parameter and morphology characterization

We first compute the distributions of individual components in
our defined order parameters (eqn (1) and (2)) to gain insights
into the types of self-assembled morphologies observed. More
specifically, we characterize the distributions of «; and ¢; across
all clusters observed within a given simulation during the
assembly production run. For ease of discussion, we normalize
the x-axis for the subsequent distribution plots (Fig. 3a-d) by
the total number of amphiphiles (nr). Analysis of the results
show four major features in their respective behaviors.

aN=1N;=1 bN.=2N;=1 cNc=4N;=1 dN;=4N; =15
10 10 12 — 0.8 —
*gos . 08 =: 10 —N o6 —
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206 06 o o
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Fig. 3 Order parameter characterization of self-assembled morphologies. Distribution of o (egn (1)) and ¢ (egn (2)) for the following systems: (a) Nc = 1,
Nt = 1 (¢, distribution is identical to o;); (b) Nc = 2, N¢ = 1; (c) Nc = 4, N = 1; and (d) N¢ = 4, Ny = 15. For each distribution, the x-axis is the scaled humber of
chains in the cluster and y-axis is the scaled counts for the observed cluster. (e)—(h) Display the corresponding simulation snapshots for distributions in
(a)—(d), respectively. From left to right [panels (a)-(d)], we classify the morphology as no-assembly, filament, network, and self-limiting, respectively.
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The first feature indicates a dominant peak near 1/ny for
both «; and ¢, (Fig. 3a). Here, «; is identical to the ¢; distribu-
tion because there is only one conjugated core per chain. This
feature indicates that each cluster only contains one amphi-
phile. This distribution highly indicates an unassociated (i.e.
no assembly) configuration between the amphiphiles. Indeed,
visualization of the simulation reveals that the amphiphiles
remain dispersed (Fig. 3e). The second feature observed shows
a peak in both «; and ¢;, which are close to 1 (Fig. 3b). This
suggests that almost all the amphiphiles belong to a single
cluster and the conjugated blocks within the cluster are per-
fectly stacked relative to each other without significant mis-
alignments. These features correspond to linear, filament-like
motifs, which we further confirm by visualization of the self-
assembled structure from simulation (Fig. 3f). We note in
Fig. 3f by visual inspection that there appears to be multiple
filaments as opposed to long system spanning filaments. This
is an artifact of the periodic boundary conditions, where the
filaments are connected across the periodic boundary of the
simulation box. Fig. C5 (Appendix C) in the SI redraws the
filaments in Fig. 3f replicated along their periodic boundaries
to provide a clearer picture of how multiple filaments are all
connected into one long, system spanning structure. The third
feature also exhibits a high peak in «; near 1 but a significantly
lower peak location for ¢;, which is around 0.01 (Fig. 3c). This
implies that nearly all the amphiphiles belong to a single
cluster, but the conjugated cores have high stacking misalign-
ments. Combined, both features suggest that the amphiphiles
are highly associated but grow in multiple directions (as
opposed to the filament limit). These motifs are intrinsic to
network-like structures, as shown in the corresponding simula-
tion snapshot (Fig. 3g). The last feature exhibits a broad peak at
small o;, while ¢; gives a dominant peak close to 0 (Fig. 3d).
This suggests that the amphiphiles aggregate into small clus-
ters with a large degree of misaligned conjugated blocks. These
intermediate values across both o; and ¢; also suggest the
formation of self-limiting clusters, which is further validated
by visualization of the simulation results (Fig. 3h). Additional
simulation snapshots across all the studied systems are
reported in Appendix C of the SI. We note that a tail exists in
the o distribution for the self-limiting structure shown in
Fig. 3d. To resolve this feature, we perform additional thermal
annealing for an extra 8 x 10’ simulation timesteps to push the
system further into the thermodynamic limit. The measured
distribution becomes more continuous, but the tail remains.
Further inspection of the range of o values indicates that the
differences correspond to fluctuations between approximately 5
amphiphiles per cluster across all clusters observed in the
simulations. Therefore, we associate these results with the
fluctuations in the self-limiting behaviors that arise from free
amphiphiles attempting to add to the growing filament, and
subsequently ejected due to the strong steric constraints
imposed by the flexible blocks.

Amongst the observed morphologies, the most interesting is
the self-limiting clusters (Fig. 3h), which suggests the presence
of a mechanism that limits cluster growth. We posit that this
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mechanism is entropically controlled and associated with
chain crowding. Phenomenologically, each amphiphile added
to the growing cluster must balance two opposing effects, as
follows: (1) enthalpic gain from interactions between the con-
jugated blocks and (2) entropic loss from the increased crowd-
ing between the flexible blocks. In other words, each new
monomer adds favorable n-rn interactions but also increases
the steric repulsion between other monomers already present.
Eventually, this steric build-up exceeds the enthalpic gain,
thereby terminating the assembly process. More specifically,
when the energy needed to compress chains at the growing
front exceeds that afforded by the incorporation of an addi-
tional amphiphile, the filament will stop growing. A schematic
summarizing this process is shown in Fig. 4a.

Conjugated amphiphile self-assembly scaling theory

Here, we present a scaling theory that aims to capture the
above-mentioned phenomenological picture. From the perspec-
tive of chain crowding, polymer corona predictions for aniso-
tropic particles provide a convenient starting point for the
quantification of the chain energetics.’”®”"* This is because
the core formed via the conjugated blocks pins one end of the
flexible block to the surface of the core, effectively making it
behave akin to a functionalized chain anchored to an aniso-
tropic core. More specifically, we recognize that our self-
assembling amphiphiles form filament-like structures. Accord-
ingly, the geometry of the growing core can be approximated as
that of a cylinder with a constant radius but grows in length as
the number of aggregated amphiphiles increases (Fig. 4a). To
set the stage for our theoretical development, it is worthwhile to
recap the key features for predicting the corona morphologies
on anisotropic particles. Briefly, traditional theories predict the
size of the polymer corona (R) using a packing argument, where
polymers preferentially partition to surface locations on the
core particle, which reduce the steric confinement with neigh-
boring chains.’™®”~%® Therefore, a key feature of brush theories
aims to predict the monomer density profile (p) as a function of
the distance (r) away from the particle surface. In the case of a
long chain length, the monomer density profile has the form
p(r) ~ Q72 BeB(rh~1) =3 where v is the excluded volume of
each monomer, « is the number of chains, b is the Kuhn length,
and Q is a shape parameter. Excluded volume (v) is also often
defined with respect to the Kuhn length (b), as follows:>""*” v ~
b®. We note here that the number of chains is linearly propor-
tional to the aggregation number of the self-assembled struc-
ture given that each amphiphile brings 2 flexible blocks to the
core, motivating the usage of the same variable «. Geometri-
cally, the shape parameter Q defines the distance from the
surface of the growing cylinder, normalized by its insphere
radius. Here, € is a function of the azimuthal and polar angles
and maps the surface of the cylinder, as shown in Fig. 4b.
Mathematically, for the ith point on the particle surface, Q; is
defined as follows:

) _ llr:(0,4) = roll
20D = S 0.9) — o) ®)
Soft Matter, 2025, 21, 8867-8878 | 8871
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Fig. 4 Scaling theory development of self-limiting amphiphile behaviors. (a)

Schematic of the growth behavior of conjugated amphiphiles, where high

steric repulsions limit the emergent size of the supramolecular assemblies. Mapping of azimuthal () and polar () angles on the surface of a (b) cylinder
and (c) cube, showing the associated Q values. (d) Dependence of Q value on cylinder height, which corresponds to increasing aggregation number «. (e)
Scaling behaviour of the Q value at the cylinder ends as a function of the cylinder heights.

where r{0,) is the position on the particle surface, 7, is the
center of mass of the particle, and the denominator represents
the smallest of the set of ||r; — ry|| values for all points on the
particle surface. The definition of Q is generalized for all
anisotropic particle geometries, and thus there is no analytical
form. In practice, Q; is computed by first constrting a surface
mesh for the shape of interest, and then evaluating eqn (3) at all
surface mesh points. For clarity, a secondary example of Q
parameterization for the surface of a cube is also shown in
Fig. 4c. Knowledge of p(r) then enables predictions of the
corona size at a given surface location, R(€), using the volu-

metric balance Nub® ~ f p(r)Q3r?dr, where N is the polymer
chain length. Physically, thlS approach leverages knowledge of
monomer packing to determine the effective space that the
chain will take up at a given surface location on the anisotropic
core. In other words, it maps the degree of chain crowding to an
emergent corona size, which enables direct quantification of
the steric repulsion energy cost (F;) between neighboring chain

8872 | Soft Matter, 2025, 21, 8367-8878

as F; ~ vaN’R 3. For this reason, applying corona prediction to
our amphiphile system serves as a natural way to quantify the
interplay between entropy and enthalpy in directing amphi-
phile self-assembly.

However, current theories assume a constant grafting sur-
face/core geometry and large chain lengths, and both assump-
tions place them outside the limit of applicability for our
system. To address the limitations associated with the core
geometry, we note that increasing the aggregation number ()
of the cylinder augments Q at the growing front. This is because
as the cylinder grows, its length (L) scales linearly with the
aggregation number («), and thus the distance from the edge of
the cylinder to the center ||r/(60,y/) — ro| from eqn (3) increases.
However, given that the radius of the cylinder remains con-
stant, the value of min({||r(0,y) — 7o|}) is also constant. This
means that Q must increase with an increase in o. Numerically,
the relationship between @ and o is computed by constructing a
new surface mesh for cylinders at various lengths and then

This journal is © The Royal Society of Chemistry 2025
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evaluating eqn (3) at the relevant edge points associated with the
growing front (Fig. 4e). This results in the following scaling
relationship: Q ~ Q% where Q, is a reference value for a given
surface location in the limit of a unit cylinder (Fig. 4d and e).

To address the chain length constraints, we first note that
the monomer density profile p(r) in the long chain limit can be
obtained by enforcing that the local monomer density inside the
thermal correlation blob at a given subregion of the brush must be
equal to the global monomer density across the entire particle
surface, that is, equivalence between the loc and global density. In
the long chain limit, the monomer density is assumed to exhibit
good solvent behavior given that the chains are long enough to
experience solvent penetration.®” In the limit of intermediate and
short chain lengths, analogous density profiles can be defined by
imposing the semi-dilute and concentrate (poor) solvent behaviors
within the thermal correlation blob.>"*” Performing the local and
global density balance with these solvent constraints yields the
intermediate (eqn (4)) and short (eqn (5)) chain variants of the
monomer density profile as follows:

W)~ @ Va2 (1) @

Y(r) ~ 1 (5)

Applying the same volumetric balance, Nb® ~ [& @ (1 Q32dr,
for each respective region and solving for R yield the brush size for
intermediate chains (eqn (6)) and short chains (eqn (7)) as follows:

Rintermediate ~ O51/4]\]f1/2973/4b (6)
Rshort ~ O(1/31\]f1/3971b (7)

where Nt is the chain length of the flexible block. To specialize
eqn (6) and (7) to the cylindrical geometry of the core, we
substitute in Q ~ Quu*? (Fig. 4e) to get the following:

—1/8 1/2 —3/4
Rintermediate ~ % Ny '~ b (8)
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Rshort ~ 06_1/6Nf1/390_1b (9)

Eqn (8) and (9) enable direct quantification of the entropic
penalty (F; ~ vaN’R ™) due to steric repulsion between neigh-
boring chains. Each amphiphile added to the growing assembly
also provides an enthalpic gain of (¥,) from n-r stacking, which
we define to be F, ~ —su, where ¢ is the total enthalpy change
per amphiphile. The total free energy is thus F = Fg + F,. We
then solve for the equilibrium aggregation number (o*) by

dr
taking P 0 to obtain the following scaling predictions for

intermediate and short chains:

o ~ PN (10)

*
intermediate

O(:hort ~ 82Nf?2 (11)

Measurements of the equilibrium aggregation number from
simulation for comparison with theory prediction yield excel-
lent agreement, as shown in Fig. 5a.

Note that the case of N, = 4 utilizes short chain scaling
(eqn (7)). This is because the longer conjugate blocks self-
assemble into larger cores. This makes the relative size of the
flexible block effectively shorter compared against the larger core,
pushing behaviors into the short chain regime.

Along this vein, the boundary between intermediate versus
short chain scaling can be defined by equating Rintermediate and
Rhort to give Nf ~ 2Q~ 2, Defining the effective surface coverage
as 1 ~ ar, 2, where r, is the size of the core and plugging in for
o yields Ny ~ Ary2Q~%2. More specifically, the short chain limit
should be used when Ny < 4r,2Q /% and the intermediate chain
limit should be deployed when Ny > Ar,2Q~ 2. By inspection,
this means that a larger core requires a higher N; before
transition from the short to intermediate chain limit, which
matches the need to use the short chain scaling (eqn (6)) for
amphiphiles with a longer conjugated block length (N, = 4).

100_

38107

10—2_

b : :

100_

1074

102

Fig. 5 Scaling prediction of self-limiting and assembly behaviors. Scaling behaviors of (a) « and (b) ¢ as a function of the flexible block length (Ny) for
systems with N. = 1, 2, 3, and 4 on a log—-log axis. Solid lines represent theoretical predictions and scatters are measured from simulations. Scatter color
corresponds to systems of different conjugated block lengths (N.). Open scatter symbols represent systems in the network regime, and closed scatter
symbols correspond to systems in the self-limiting regime. Comparison of the scaling prediction with the simulation results from the self-limiting regime
shows excellent agreement across the set of amphiphiles studied. Error bars are standard error of the mean computed from averaging clusters from 3
different replicates for each system.
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As discussed earlier, the stacking order parameter (¢) mea-
sures the degree of orientational alignment between the con-
jugated blocks. High alignment corresponds to tighter packing
between neighboring amphiphiles, and thus a smaller effective
corona size (flexible block) around the core. Conversely, low
alignment correlates with highly branched networks, which
increase the space taken up by the corona. These shifts alter
the effective area available on the surface of the core formed
via the assembled conjugated blocks. As a result, we expect
¢ ~ R”to hold, where R” defines the surface area. Combining
eqn (8)—-(11) with the above-mentioned scaling for ¢ yields:

b ~ N3 (12)

for both the short and intermediate chain limit. The developed
scaling predictions (eqn (8)-(12)) focus on the behaviors for the
self-limiting regime of amphiphile self-assembly. Direct com-
parison with simulations for systems exhibiting self-limiting
behaviors (solid symbols, Fig. 5b) reveals excellent agreement
with theory. We note that the plateau region in Fig. 5b (open
symbols) arises due to network formation, and thus does not
exhibit the scaling regimes predicted by eqn (8)-(12).

Morphology phase diagram

Based on the identified classes of morphologies suggested by
the «; and ¢; distributions (Fig. 3), we additionally define a
classification in the a-¢ plane, as shown in Fig. 6a. The
morphologies are categorized into four classes, i.e., no assembly
(NA), self-limiting, filaments, and network, to match each of the
four features observed, respectively (Fig. 3). NA corresponds to
minimal associations between the amphiphiles. Accordingly, no
assembly structures are observed in the simulation. This means
that the normalized aggregation number is small and no align-
ments exist between the conjugated blocks. Therefore, we use o
< 0.03 to delineate the NA class. This cutoff value of 0.03 for
o correlates with 97% of the amphiphiles in the simulation
being dispersed and unassociated with other amphiphiles,
which reflects the no assembly nature of the morphology
characterization. Conversely, a network structure represents a

a 1.00 R ,
0.02 ‘
0.754; 4 1
NA ‘ _
~@_0.50_0'0(9.00 001 002 Filament
0.25- J
Network
0.00 . , ,
0.00 0.25 I 0.50 0.75 1.0
Self-Limiting ¢
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highly crosslinked system. Here, we expect a high normalized
aggregation number but a low degree of alignment between the
conjugated blocks. This is because misaligned conjugated
blocks can serve as branching sites for the growing structures,
producing network morphologies. Thus, we define the bound-
ary for the network structure as o > 0.5 and ¢ < 0.5«. The first
constraint reflects the idea that the majority of amphiphiles
must belong to the same cluster to be considered a network. The
second constraint ensures that more than 50% of the amphi-
philes within the clusters have misaligned conjugated cores to
delineate from filaments. Filaments exhibit long, fiber-like
structures, where there is strong alignment between the aggre-
gated conjugated blocks. However, due to their constrained
growth along a singlet direction, the normalized aggregation
number is bound by the alignment order parameter. This upper
limit is due to the fact that the number of perfectly aligned
amphiphiles within the self-assembled structure cannot exceed
the number of amphiphiles within the filament. For this reason,
we define the boundary for the filament structure as 0.1 < o <
2¢, where the augmented upper bound was selected to account
for fluctuations and artifacts arising from thermal noise/cluster-
ing that can lower the measured aggregation number from the
associating amphiphiles. Lastly, the self-limiting morphology is
characterized by large, singlet peaks in both « and ¢ to indicate
that small aggregates are present, but no large-scale structures
are observed in the simulations. However, the exact peak loca-
tions depend on the cluster size, and no set values can be
defined. Thus, all remaining regions of the a—¢ phase space not
defined as NA, filament, or network are categorized as self-
limiting.

Employing the above-mentioned classification across all
simulations yields a phase diagram in the N, vs. N¢ plane, as
shown in Fig. 6b (scatter points). Based on the defined classica-
tion, for the N. = 2 system, filament-structures are observed
when Nf < 4. Increasing N to be greater than 4 while keeping
N, the same (N, = 2) produces a systematic transition to first
self-limiting, and eventually no-assembly due to the increas-
ingly larger entropic crowding between the flexible blocks.

b s
g ne LRSS Theory
< 35 Filament / Network
&) 3= s = = afamass = s Self-Limiting
Qs No Assembly (NA)
S . )
o 2F= 0 m uf u nafsjss=isnn Slmulatlon
m [l Network
:003 1.5 . Filament
g M self-Limiting
=1 [l No Assembly (NA)
§ 1f= 0 O 0O 000000 o00oo
10° 10’
0 Flexible Block Length (Ny)

Fig. 6 Morphology phase diagram for the conjugated amphiphile self-assembly. (a) Phase diagram of o versus ¢, showing the defined boundaries
between different structural regimes used for categorization. (b) Phase diagram of self-assembled morphologies for conjugated peptide systems as a
function of N¢ and N.. Simulation data are shown as scatter points. Theoretical predictions are shown in solid phases with predicted phase boundaries

(egn (13) and (14)) presented as solid lines.
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Specifically, at Ny = 5 and 6, the system enters the self-limiting
regime and N¢ > 6 leads to a transition into the NA regime. In
the N, = 3 system, a network structure is observed when Nf < 3.
As Ny increases, the system transitions into the small cluster
regime. For N, = 4, the boundary of the network regime extends
to N¢ = 8, beyond which the system again transitions into the
small cluster regime.

To connect the phase classification from simulations to
scaling theory predictions (eqn (8)-(12)), we additionally derive
the phase boundary for the different morphological classes. In
the case of NA, no assembly is observed. Thus, we expect « — 1
(only one amphiphile). Furthermore, we assume that each
monomer within the conjugated block yields an identical
increase in enthalpic gain in the growing assembly, that is,
& ~ gN., where ¢, is the per monomer interaction energy and
N, is the length of the conjugated block. Plugging ¢ ~ ¢,N. and
setting the left-hand side of eqn (6) to 1 yield the crossover
boundary as follows:

N. ~ Nf? (13)

Transitions from the self-limiting behaviors defined by
eqn (6) to a network structure necessitates that the aggregation
number approaches the upper limit bounded by phase separa-
tion between the conjugated and flexible blocks. This means
that o must converge to the volume (V) occupied by the
conjugated block in a concentrated (segregated) limit, as fol-
lows: 0petwork ~ Ve. Given that the conjugated block is rigid, one
direction (R;) must be linear in R, ~ N.. The other two direc-
tions (R,) simply reflect the packing scaling limit R, ~ N.'°.
Combining them, we get onework ~ Ve ~ RiRp,> ~ N>, Setting
o ~ Opework iN €qn (6) and solving for N, yields:

N. ~ Nf4/3 (14)

as the boundary between network/filament and self-limiting
formation. The predicted phase boundaries from eqn (13) and
(14) are also plotted in Fig. 6b in black lines, with colored
regions corresponding to the regions bound by the phase
boundary intersections. The results exhibit excellent agreement
with the simulations. Together, our findings highlight a high
degree of morphological diversity in flexible-conjugated-flexible
amphiphiles, where the mesoscale assembly behaviors and
local control over the spatial and orientational ordering of the
conjugated domains can both be precisely tuned via simple
manipulations of the length of individual blocks.

However, despite the agreement between theory and simula-
tions, there are limitations in the scaling theory that should also
be properly highlighted. Firstly, the proposed scaling theory
assumes concentrations below the overlap concentrations
between the self-assembled structures. High concentrations
can induce corona interpenetration between the flexible blocks,
which can drive hierarchical organization between the fila-
ments. These effects were not explicitly considered in our
scaling derivations. Additionally, given that we directly plugged
in Q ~ Q' as the scaling behavior for  with respect to the
aggregation number, eqn (8)—-(14) are only valid for cylindrical

This journal is © The Royal Society of Chemistry 2025
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cores. Generalization to other core geometries will necessitate
defining different scaling exponents for how Q changes with an
increase in the aggregation number (). Finally, an implicit
assumption in computing the monomer density profiles for
both short and intermediate chain lengths (eqn (4) and (5)) is
that the interactions between monomers making up the flexible
blocks are sterically repulsive. Also, more complex features such
as chain-chain attraction/repulsion are not captured by the
developed scaling theory.

IV. Conclusion

In summary, we employ molecular dynamics simulations to
study the assembly behaviors of amphiphiles with a flexible-
conjugate-flexible triblock architecture. Firstly, we develop a
coarse-grained model for simulating the conjugated blocks that
explicitly retain the underlying geometry of the conjugated
monomers, thereby enabling characterization of how local
stackings directed by the monomer shape dictate the mesoscale
assembly behaviors. Then, we show how shifts in experimentally
relevant handles such as flexible and conjugate block lengths can
alter the emergent self-assembled morphologies. To elucidate the
physical origins of how each design handle sculpts the subse-
quent self-assembly, we employ the polymer brush scaling theory
to predict trends in both the equilibrium aggregation number
and orientational ordering between the conjugated blocks. We
further employ theory to predict the phase boundaries between
the different classes of mesoscale structures, including filaments,
network, self-limiting, and disorder, accessible to this class of
amphiphile architecture, providing a computationally validated
morphology phase diagram to guide experimental synthesis. Our
work not only provides a new approach to simulating conjugated
amphiphiles at the mesoscale but also elucidates the underlying
mechanism of how shifts in experimentally relevant amphiphile
design parameters can sculpt emergent assembly behaviors. The
former provides a critical step forward to enable the large-scale
simulations of conjugated amphiphiles, while the latter provides
key fundamental insights into the microscopic forces governing
supramolecular assembly behaviors.

Author contributions

X. Z. carried out the simulations and performed the analysis. T.
V. developed theory and directed the research. All the authors
contributed to data analysis and the writing of the manuscript.

Conflicts of interest

The authors declare no conflicts of interest.

Data availability

Supplementary information (SI): coarse-grained parameters, order
parameter details, self-limiting theory derivation, and simulation
snapshots. See DOI: https://doi.org/10.1039/d5sm00753d.

Soft Matter, 2025, 21, 8867-8878 | 8875


https://doi.org/10.1039/d5sm00753d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00753d

Open Access Article. Published on 23 ottobre 2025. Downloaded on 13/02/2026 16:58:14.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Numerical data and results for the structural analysis and
characterizations presented in the main text are provided in the
accompanying ZIP file with the sample analysis scripts. Sample
simulation scripts to perform MD simulations are also included
in the ZIP file. These analysis and simulation scripts reproduce
the data shown in all the figures of the main text. Additionally,
a sample simulation dataset (GSD file format) is provided
representing the results obtained from running the included
scripts. All codes are available on our repository: https://github.
com/VoGroupJHU/Conjugated_Amphiphile.
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