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ABSTRACT

Supramolecular polymers are dynamic aggregates whose properties arise from their constitutive bonds, based on reversible, non-covalent
interactions. A central aspect in the design and function of these materials is the cooperativity of polymerization, by which the addition of
monomers becomes increasingly favorable as the polymer grows. Cooperativity strongly influences both the structure and collective behavior
of supramolecular materials, with significant implications for their properties. Understanding the origins and consequences of cooperativity
is crucial for the rational design of new functional supramolecular polymer systems. Herein, we systematically explore the cooperativity of
supramolecular polymer systems via Molecular Dynamics simulations, powered by On-the-fly Probability Enhanced Sampling, to accurately
characterize the free energy landscape associated with polymerization. We validate our approach via ad hoc, minimalistic coarse-grained mod-
els of cooperative and non-cooperative self-assembling monomers. We then apply our analysis to ureidopyrimidinone (UPy) supramolecular
polymers, widely used in biohydrogel design. Our work provides detailed insights into the UPy polymerization process and how cooperativity
can emerge from the hierarchical character of its supramolecular structure. The results underscore the importance of an extensive molecular
simulation approach to obtain a quantitative characterization of the self-assembly thermodynamics, which is crucial to guide the rational
development of next-generation supramolecular materials.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0288284

I. INTRODUCTION characterized by a smaller association constant with respect to
the growth of long stacks. This entails an activated mechanism
of nucleation/elongation, in which the slow nucleation of critical-

size polymers is followed by rapid growth.”'®** In some cases,

Supramolecular polymers (SPs) are formed by molecular units
that self-assemble via noncovalent interactions (H-bonds, 7n-7
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stacking, and metal coordination).' Built upon reversible, dynamic
bonds, SPs exhibit properties such as self-healing and stimuli-
responsiveness,” ~ bearing potential for applications in smart and
biomaterial engineering.” '* A crucial aspect in SP design con-
cerns the mechanism of polymerization. Based on the free energy
balance associated with the formation of differently sized assem-
blies, SP polymerization has been classified as isodesmic or coop-
erative.”””' In the former case, the equilibrium constant of
polymerization does not depend on the assembly size, while in
cooperative SPs, the equilibrium constant changes with size. In
cooperative systems, the polymerization of small oligomers is

dubbed “anti—cooperative,”’)‘; % the association constant of elonga-
tion (aggregation/growth of long stacks) is instead smaller than that
of nucleation (aggregation/growth of small constructs).
Cooperativity has implications for the structure and dynam-
ics of supramolecular polymer systems, for example, by determining
higher monodispersity of aggregates,'”* high sensitivity to exter-
nal conditions and stimuli,””** hysteresis,l"‘j’“ kinetic trapping,ll'w‘I
and more. These are crucial features in guiding the design of new
SP-based materials, which is why understanding the phenomenon
of cooperativity in depth is of primary importance. Experiments
allow for detecting the key signatures of cooperativity'“*>’>" and
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for identifying the global drivers of polymerization.”" *' However,

the detail accessible by state-of-the-art diagnostics is typically insuf-
ficient to isolate which molecular factors impart cooperativity in a
system.

Molecular Dynamics (MD) simulations are a key tool in the
study of SPs, as the scales of polymerization are compatible with
those accessed by classic All-Atom (AA)*” " and Coarse-Grained
(CG) MD.” " MD allows reproducing polymerization with pre-
cise control of the assembly size, characterizing the intermolecular
interaction landscape that is responsible for cooperativity. Several
MD studies on, e.g., benzene-1,3,5-tricarboxamide (BTA) SPs have
underlined crucial factors of their supramolecular structure and
dynamics,”""*™" including quantitative signatures of their coop-
erative polymerization.l]‘m[m MD investigation was extended to
other SP systems, typically supporting and complementing exper-
imental evidence.”””” > However, accurately estimating the free
energy balance associated with supramolecular polymerization,
which defines cooperativity, remains a non-trivial task for which
enhanced sampling becomes necessary.”" """’ We here propose an
MD approach, based on the recent On-the-fly Probability Enhanced
Sampling (OPES) method,” to evaluate how the thermodynamics of
SP polymerization depends on the size of interacting aggregates. We
first outline and validate our strategy by comparing the free energy
landscapes of prototypical SP systems, represented by simple, mini-
malistic CG models designed to self-assemble either via an isodesmic
or cooperative process.”

We then employ the developed strategy to explore how coop-
erativity emerges in a real SP system, formed by ureidopyrimidi-
none (UPy) molecules that self-organize in “hierarchical” fibrillar
structures.”’ UPy monomer variants are a paradigmatic exam-
ple of SP building blocks, of high relevance due to their tunabil-
ity and potential biocompatibility.®> The mechanical and dynamic
features of UPy polymers are crucial for engineering biomimetic
hydrogels’*” toward the synthetic reproduction of extracellular
matrix adaptive properties.”**" " We recently investigated UPy-
based SPs in water using AA-MD simulations combined with Well-
Tempered MetaDynamics,”” observing how monomers travel across
the supramolecular structure of such a system.”” We here advance
our understanding of this SP system by assessing and quantifying
the cooperativity of UPy polymerization, both in chloroform and
water. The use of an advanced enhanced sampling approach allows a
very accurate characterization of the UPy polymerization landscape,
showing how different aggregation modes combine, giving rise to a
cooperative polymerization process.

Il. RESULTS

The cooperativity of supramolecular polymerization is defined
by the dependence of the equilibrium association constant K on the
size of the aggregates involved in the process.””' In a noncoopera-
tive, isodesmic system, the end groups interact independently of the
size of the polymer to which they belong, so the system is character-
ized by a single, size-invariant association constant. In cooperative
systems, the association constant has at least two different values
depending on the size of the interacting oligomers: Ky, for aggrega-
tion at sizes lower than the critical one, and K. > Ky, for larger sizes.
This defines a slower nucleation stage followed by an elongation
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stage in which association is favored.””" This is the simplest realiza-
tion of cooperativity, but in general, we expect K to keep changing
along the aggregation route.

Cooperative systems differentiate from isodesmic ones by col-
lective structural signatures, showing, for example, a bimodal size
distribution, as opposed to the unimodal isodesmic one, or qual-
itatively different behavior of volume fraction and polymerization
degree with temperature and concentration.”’””> Whereas these
structural features can be detected by experiments,”””* they do not
reveal which molecular or chemical features give rise to such associ-
ation behavior. Computational studies, both via simple kinetic asso-
ciation models’"”*”° or via minimalistic MD models,”"”*°**” have
allowed the bridging of molecular-level information with the col-
lective fingerprints of cooperative polymerization. However, when
realistic molecular systems are considered, a quantification of coop-
erativity becomes extremely challenging, due to the limited space
and time scales accessible via molecular simulations and due to the
complexity of the self-assembling process.”””*

We herein adopt a protocol in which different polymeriza-
tion steps are considered separately, and the conditional free energy
difference associated with each step is computed via the OPES
method.”® The association constant K,,,; of an n-mer with an m-
mer is related to the conditional free energy difference AGy, of that
polymerization step by

AGum = —ksT log Ky m, (1)

where kg is the Boltzmann constant and T the temperature. Evaluat-
ing the AG associated with the main polymerization steps enables a
detailed, quantitative insight into the aggregation routes, allowing us
to rationalize and quantify cooperativity. To compute the free energy
differences, we here rely on the OPES method,” which applies a
history-dependent bias potential along properly selected collective
variables (CVs), adapted on-the-fly according to the estimated prob-
ability distribution. OPES is employed to extensively sample the
binding and unbinding of oligomers of controlled size n and m (con-
trolled via restraining potential, see Sec. I'V), allowing an accurate
estimate of AGp, .

Notably, a strategy based on the calculation of conditional AG
values was applied by Korlepara et al. in Ref. 21, combined with
the Adaptive Biasing Force method”” to drive the association of
a monomer onto different-sized oligomers for two 1D SPs, that
is, a [2.2]paracyclophane-tetracarboxamide derivative and benzene-
1,3,5-tricarboxamide. However, most often SP aggregation pathways
are more complex than in standard monodirectional polymeriza-
tion, as, for example, when an assembly is mediated by a fuel,” or
when a hierarchical structure is formed,”’ ** as in the UPy SPs con-
sidered herein.”"**** Therefore, in general, the landscape of reaction
variables can reach higher dimensionalities, a ground in which the
OPES method is in principle more competitive than a force-based
approach.”*® Our choice of OPES is therefore motivated toward
a general enhanced sampling approach of the polymerization land-
scape, capturing the main factors that contribute to cooperativity in
supramolecular systems.

We first test this approach using two prototypical minimalis-
tic CG models,” that is, simple, implicit solvent molecular models
designed to reproduce only essential details of self-assembly.”””"
The first model, M, is composed of planar monomers, each formed
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by a core bead surrounded by lateral beads at the vertices of a
hexagon. Harmonic bonds maintain the monomer planar, while
Lennard-Jones (LJ) potentials between the beads regulate inter-
molecular interactions. Specifically, the core beads interact with each
other via a strong L] potential (¢ = 45 kJ/mol), while the lateral
beads have much weaker interactions (&jeral = 0.2 kJ/mol), acting
as excluded-volume centers. As a result, monomers aggregate along
the axial direction driven by the L] attraction between the core beads
(see Sec. IV and Refs. 54 and 59 for further details). The short-
range binding forces in the M model should not be affected by
polymer size; therefore, we expect this model to follow isodesmic
polymerization (as also shown in Ref. 59).

The second test case, named Mcoop, is based on the same molec-
ular shape as the M model, having a lower core-core interaction
(€coop = 20 kJ/mol)) and the addition of a freely rotating dipole
anchored at the center of the core. Such a dipole is formed by
two oppositely charged material points, restrained along a vector

A

Monomer

LJ attraction

o—0

LJ attraction

o—0

s Rotating dipole
#7
L 284

B CV=min(d))
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[Fig. 1(A)]. The electrostatic interaction between these charges com-
plements the LJ attraction between the core beads, determining a
system that aggregates following a cooperative mechanism™ (see
Sec. IV for further details), guided by the additional degrees of free-
dom of the dipole vectors. The charges and L] interaction parameters
have been tuned to obtain a similar propensity to aggregation in
the M and Mc,op models at at T =300 K,” so that the compar-
ison between isodesmic and cooperative polymerization is more
straightforward.

We here apply our OPES-based approach to quantitatively
characterize the thermodynamics of aggregation of these two mod-
els, showing how the different intermolecular interactions give rise
to diverging polymerization pathways. We computed the free ener-
gies associated with the elementary polymerization steps that lead
from the monomeric to the polymeric state. Being in a constant-
volume ensemble, we here compute the Helmholtz free energy
differences associated with the process AF,,, instead of the Gibbs

Dimerization

o

Elongation

unbound

Free Energy [kJ/mol]

|
)
S

=

H . M
30 30 =2 . o

2-30 - = ]

25 25 2 nM+1M
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FIG. 1. Cooperativity of minimalistic CG SP models. (A) M model (top) and Mcoop model (bottom). The M monomer polymerizes via LJ attraction between the central, core
beads (blue). The Mcoop model (bottom) polymerizes via the combination of LJ attraction between the core beads (green-blue, weaker than in M) and electrostatic interaction
between the rigid rotating dipoles (red and yellow beads are positive and negative charges). (B) The OPES bias potential is applied using the minimum core—core distance
between interacting ends as a CV, obtaining the typical free energy profile shown in red. We evaluate the free energy of the following polymerization steps: dimerization
(1 + 1-mer), polymer elongation (n+ 1-mer) and polymer coalescence (n + n-mer). (C) Free energy profiles associated with the M model. The minimum is shifted to 0.
Shaded areas indicate the error (see Sec. V). (D) Free energy profiles associated with the Mcoop, model, same legend as C. The minimum is shifted to 0. Shaded areas
indicate the error (see Sec. |V). (E) Free energy differences associated with binding (i.e., AF = Fpound — Funbouna) for the different polymerization steps for the M (top) and

Mcoop (bottom) models.
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free energy AGum,. As shown in Fig. 1(B), we consider three
classes of polymerization steps: dimerization, that is, the binding
of two monomers (1 + 1-mer); elongation, that is, the binding
of a monomer to an oligomer of size n (n + 1-mer); and coales-
cence, that is, the binding of two oligomers (# + n-mer, we assume
only same-size oligomers for simplicity). We do not consider here
polymerization steps that imply intercalation of molecules within
the backbone of an existing construct, or branching of polymers,
based on evidence that such processes have a relatively negligible
incidence.”” As the CV for the OPES method, we chose the mini-
mum distance between the geometric centers of the reactive ends
of the two associating oligomers. Harmonic restraints have been
employed to restrict the sampling to the selected polymerization
step, as discussed in Sec. I'V.

The free energy profiles associated with each of the con-
sidered polymerization steps are shown in Fig. 1(C) for the M
system and in Fig. 1(D) for the Mcoop system. It is evident that
the free energies follow qualitatively different trends in the two
systems [Fig. 1(E)]. In the M model, the AF magnitude slightly
decreases with the size of the involved constructs. Dimerization
has the largest |AF|, whereas elongation steps show slightly lower
|AF|s, which seem to saturate as the size of the polymer increases.
The size dependence of AF is then further accentuated when
coalescence is considered. As the binding interactions involved
in the model are size-independent by design, this slight AF size
dependence could be of entropic origin. Indeed, the loss of rotational
and translational entropy associated with binding can introduce a
free energy penalty when larger constructs are involved. We support
this hypothesis by computing the internal energy and entropy differ-
ences associated with the polymerization steps (see supplementary
material, Fig. S1), showing that the size dependence is entropy
driven.

The free energy differences detected in the Mcoop system show
an opposite dependence on the size of the involved constructs. The
smallest |AF| is associated with dimerization, while increased free
energy variations are found for elongation and coalescence steps,
with the latter being more favored. This demonstrates and quantifies
the cooperative behavior of the model. Interestingly, AF clearly dif-
ferentiates between the three classes of polymerization steps, rather
than across different sizes. All elongation steps show the same
free energy difference, while coalescence steps display only a slight
dependence on size, with smaller magnitudes of |AF| for larger n.
This indicates that the key steps determining the cooperativity of this
model are essentially two, related to the change in dipole configura-
tion: (i) a free monomer’s dipole becomes part of a polymer terminal,
and (ii) a dipole at the terminal of a construct binds to another one,
becoming part of a polymer backbone. Step (i) is involved in dimer-
ization and elongation, while step (ii) is involved in elongation and
coalescence. The results of Fig. 1(E) suggest that step (ii) entails
the largest free energy drop, determining the differences between
the computed AFs. Similarly to what occurs in the M model, the
weak size dependence exhibited by coalescence free energies can
be attributed to the entropic cost of binding larger constructs (see
Fig. S1). Furthermore, this analysis reveals that the free energy gain
associated with elongation and coalescence is mostly driven by the
internal energy AE, rather than entropy.

Overall, our approach enables an accurate characterization
of the thermodynamics of polymerization in both systems, also

ARTICLE pubs.aip.org/aipl/jcp

revealing aspects that, despite the simplicity of the models, are
otherwise inaccessible.

The results obtained with the test case of minimalistic
isodesmic and cooperative CG models stimulate the use of our
OPES-based approach with the more complex case of UPy SPs.
We here look at the most basic form of the UPy monomer, that is
without any additional side group [Fig. 2(A)], to focus on the aggre-
gation drivers of the UPy core without interference from side groups
(see Sec. IV for details on the AA model). Details on the possible
impact of side chains are reported in the supplementary material
(Fig. S3), showing that functionalizing the UPy monomer with a
hydrophobic tail and an additional urea group does not necessar-
ily lead to the formation of a well-defined 1D SP, as also confirmed
experimentally.®

As known from experimenta ’ and computational’® evi-
dence, the UPy motifs form SPs by a hierarchical aggrega-
tion process, which combines two binding modes [Fig. 2(A)].
On the one hand, UPy cores can form planar dimers by
the combination of 4 complementary hydrogen bonds, in a
donor-donor-acceptor—-acceptor (DDAA) arrangement.’”®' On the
other hand, the aromatic UPy cores can stack along the normal
direction.”"" The combination of these two binding modes gives
rise to 1D polymeric assemblies, as shown in Fig. 2(B), which consti-
tute the fundamental structure of UPy SP networks.”""* To support
the formation of such polymeric aggregation, we performed self-
assembly AA-MD simulations starting from dispersed UPy motifs
in apolar (CHCIl3) and polar (H,O) solvents (at T =298 Kand P = 1
bar). In Fig. 2(C), we observe that hierarchical structures of UPy
dimers, stacked along their normal direction, form in both solvents
with significantly higher aggregation propensity in water. A more
detailed analysis of the monomers’ mutual orientation during self-
assembly shows that, in both solvents, dimer formation via DDAA
arrangement is favored, along with growth along the stacking direc-
tion (see Fig. S4 and analysis details in supplementary material).
The ordered configuration of such stacked assemblies is also con-
firmed by the radial distribution function (rdf) of the constituent
UPy monomers in an assembled SP (Fig. S5). The rdf profile shows
multiple regular peaks obtained at core-core distance. The first peak
occurs at 0.37 nm, which identifies the first neighbors along the
stacking direction. The next peak, located at ~0.6 nm, corresponds to
the monomer-monomer core distance relative to the planar dimer
formation.

We thus apply our OPES-based approach to quantitatively
assess cooperativity in the formation of such constructs. We first
characterize the monomer-monomer binding via OPES, both in
CHCI; and in water. We bias two CVs, the distance d between the
centers of geometry of the monomers and the number (HB-dim)
of dimerization-specific hydrogen bonds formed between the two
monomers [Fig. 2(D), the CV detailed definition is given in Sec. IV].
By comparing the 2D free energy surfaces (FESs) obtained in the
different solvents [Fig. 2(D)], we observe two diverse landscapes
characterized by distinct global minima. In CHCl; the planar dimer
configuration, corresponding to d ~ 0.6 nm and HB-dim ~4 is by
far the dominant state, whereas in water, this dimeric conforma-
tion becomes much less stable in favor of monomer 7-7 stacking
(d = 0.37 nm). This, together with the outcomes of self-assembly
MD, suggests that the polymerization dynamics are different in the
two environments, as also supported by reported experimental and

1(\(1,(\1,N
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FIG. 2. Hierarchical assembly of UPy monomers. (A) UPy motif chemical formula and AA molecular model (left) and the two assembly modes of UPy-based monomers:
dimerization and stacking (right). A cartoon representation of the monomer and its assembly modes is also shown. (B) Hierarchical formation of UPy SP via planar
dimerization and stacking. (C) Self-assembly MD simulations of 42 UPy monomers in CHCl5 (top) and H,O (bottom). Snapshots at the beginning and after 1 us of AA-MD
are reported. Solvent molecules are not shown for clarity. (D) Free energy surface associated with UPy monomer binding/unbinding, as a function of two CVs: (i) the distance
d between the centers of geometry of two UPy monomers and (i) HB-dim, that is, the number of hydrogen bonds responsible for UPy dimerization (shown by dashed lines).
In CHCl3, the dimerization minimum is dominant, while in water, the global minimum corresponds to the stacking conformation, although dimerization remains relevant but

less stable.

computational studies.”"*”’ We therefore employed these first indi-

cations as a basis for the characterization of polymerization free
energies.

We first focus on UPy polymerization in CHCl3. As shown by
Figs. 2(C) and 2(D), in this solvent, the equilibrium strongly favors
the formation of planar dimers. We can therefore consider the HB-
driven dimers as the fundamental unit toward SP formation, the
stacking of which is the limiting step of the process [Fig. 3(A)].

To obtain insight into cooperativity, we focus on the condi-
tional free energies of a probe dimer stacking onto a SP template of
n dimers, namely AGz,,. We underline that dimers can stack upon
each other both in parallel and antiparallel fashions, as defined by
the mutual orientation of normal vectors associated with the bind-
ing dimers [Fig. 3(B)]. Although none of these orientations has been
shown to be strikingly favorable [Fig. S5(b)], for the sake of com-
pleteness, we consider two different types of templates, in which
neighboring dimers are all in parallel or all in antiparallel configu-
ration. As CV for the OPES-MD, we employ the minimum distance
between the geometry centers of the probe dimer and the template’s
terminal dimers [Fig. 3(C)]. Such a CV choice disregards the orien-
tation of the probe dimer, in fact averaging over all possible stacking
modes, while remaining consistent with an estimate of the overall
cooperativity of a considered polymerization step [Fig. 3(D)]. More-
over, consistently with the minimalistic CG models, we also overlook
intercalation or branching events as sources of polymer growth since

they have been shown to occur with lower incidence.”’ The result-
ing AG,, profiles for the antiparallel template are shown in Fig.
3(E), while the AGyy, for the all-parallel template are reported in
Fig. S6(d). All profiles present a clear free energy minimum for the
stacked configuration, responsible for elongation of UPy polymers
in CHCI;. Binding free energies, evaluated as the difference in free
energy between the bound (minimum) and an unbound state at the
chosen distance d, exhibit a slightly anti-cooperative trend with the
construct size [Fig. 3(F)], consistent with that previously observed in
the M model [Fig. 1(E)]. This is compatible with a non-cooperative
system with low elongation propensity [Fig. 2(C)]. No signifi-
cant difference is found between parallel and antiparallel stacking
[Fig. 3(F)].

In water, the binding free energy landscape [Fig. 2(D)] does not
indicate a neat separation between the aggregation modes seen in
CHCIs. In aqueous solution, both aggregation modes can compete
or cooperate toward polymerization, thereby defining a hierarchical
growth that is not characterized by a precise stepwise self-assembly
order [Fig. 4(A)]. We therefore apply OPES to estimate free ener-
gies associated with two different classes of polymerization steps:
(i) AGap,1, associated with the binding of a probe monomer on a
template formed by n stacked dimers. This step can occur only
via stacking, as all UPy dimers within the template are complete.
(if) AGaps1,1, associated with the binding of a probe monomer
on a template composed of n stacked dimers plus a monomer
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(E) Free energy difference profiles as a function of the CV in all-antiparallel templates of increasing size n. (F) Dependence of binding free energy differences AGa, 2 on the
template size n. Both all-antiparallel and all-parallel template results are shown. The free energy profiles for the all-parallel case are reported in Fig. S6.

individually stacked at one end. In this case, the monomer can
either complete the dimer, undergoing simultaneous dimerization
and stacking, or stack onto the single monomer (we prevent inter-
action with the other full-dimer terminal, see Sec. IV). In case (i),
we apply OPES biasing a single CV, namely the minimum dis-
tance d between the geometric centers of the probe monomer and
of the terminal dimers of the template stack [Fig. 4(B)]. We obtain
the free energy profiles reported in Fig. 4(B), which indicate a
slightly cooperative behavior of this polymerization step going from
n=2to n=9. In case (ii), as both aggregation modes are possi-
ble, we apply OPES biasing two CVs, in the same way as done
for monomer-monomer binding characterization [Fig. 4(C)]. The
2D free energy surfaces obtained via these calculations show how
the stacking minimum becomes shallower with size #n, while the
dimerization minimum becomes the favored state if compared with
the FES of two UPy monomers in water (Fig. S8). The shift of
the free energy global minimum from the stacking to the planar
dimerization mode is even more evident after projecting the FES
on the distance d [Fig. 4(D)]. The tendency to follow the hierarchi-
cal order, completing the dimers before growing longitudinally, is
therefore favored in a cooperative way. Similarly to what was done
for CHCl3, we determined the difference between all-antiparallel
(Fig. 4) and all-parallel templates, by testing the latter for #n = 9. No
relevant difference was found in the AG, as reported in Fig. 4(E) and
Figs. S7(b)-S7(c).

The cooperative behavior of UPy SP growth in water, sum-
marized in Fig. 4(E), reveals that both UPy polymerization modes
follow a cooperative path, that is, AG of binding increases in modulo
with polymer size.

Ill. DISCUSSION

In this study, we propose and apply a molecular simulation
approach based on the OPES method to characterize the thermo-
dynamics of supramolecular polymerization and obtain quantitative
insight into supramolecular polymers’ cooperativity. We first val-
idated our approach with minimalistic CG models of SPs. We
evaluated how polymerization free energies depend on the size of
the interacting oligomers, highlighting the qualitatively different
trends between an isodesmic and a cooperative model. We then
extended the approach to the case of UPy-based SPs, characterized
by a hierarchical aggregation pathway that combines two binding
modes: hydrogen-bond-based dimerization and axial stacking. Our
results show that in an apolar, CHCl3 environment, the formation
of hydrogen-bonded UPy dimers is strongly favorable, and stacking
occurs between stable dimers. The polymer elongation in this case
shows anticooperative character, promoting short over long con-
structs. In a polar H,O solvent, the two aggregation modes are less
thermodynamically separated; instead, they cooperate in the growth
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the two studied polymerization steps as a function of template size. The free energy differences for the all-parallel n = 9 cases are also shown (the respective profiles are

reported in Fig. S7).

of UPy fibers. The free energies associated with different growth
steps in water quantify how the presence of a template can rein-
force both UPy polymerization modes, guiding the growth of the
hierarchical fiber structure.

The proposed approach, leveraging the high-quality sampling
offered by the OPES method, provides a robust framework to com-
pute conditional polymerization free energies and precisely assess
cooperativity. Such mechanistic insight is topical toward the ratio-
nal design of supramolecular materials with tailored polymerization
features.

IV. METHODS
A. Minimalistic models

The M monomer consists of seven beads of mass 72 um.a.:
six arranged at the vertices of a hexagon and one central core bead
[Fig. 1(A)], all connected via harmonic bonds. Nearest-neighbor
beads are linked with a force constant of 20000 k] mol™ nm™>
and an equilibrium length of 0.47 nm. Opposite vertex beads are
also connected (force constant: 15000 k] mol™! nm™2, length:
0.94 nm) to ensure planarity. Non-bonded interactions between cen-
tral beads follow a Lennard-Jones potential with ¢ = 0.47 nm and
€ =45 kJ mol ™! [Fig. 1(A)].

The Mcoop model shares the hexagonal topology and bonded
interactions of the M model, with the addition of a dipole vector
centered on the core bead. This dipole consists of two oppositely
charged material points (g = +1.4 e) fixed 0.28 nm apart (0.14 nm
from the core), aligned via a harmonic angular potential (180°, force
constant 1500 kJ mol™) [Fig. 1(B)]. The charged material points,
with mass one-third that of regular beads, interact only via Coulomb
forces and do not bear excluded volume, allowing the dipole to freely
rotate and interact solely with other dipoles.

Both L] and Coulomb interaction potentials are truncated
and shifted at rey = 1.1 nm, to exclude, for simplicity, long-range
effects on the assembly behavior of these minimalistic models.
All OPES CG-MD simulations of the M and Mc,op models were
performed using GROMACS’' coupled with PLUMED2">” at a
constant temperature T =300 K, in a cubic volume of 6.2 nm
per side, with periodic boundary conditions (PBC). The simula-
tion of a generic polymerization step n-mer + m-mer starts from
a pre-stacked perfect polymer of # + m monomers. Harmonic wall
restraints between the core beads of the first » monomers and of
the remaining m monomers are applied to avoid breakage of the
oligomers or permutation of their components (harmonic walls of
k=500 k] mol™ nm™ at a core-core distance of 0.6 nm).
The initial bond between the monomers # and n+1 is instead
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unrestrained to allow unbinding. Extra repulsive harmonic walls
(k =200 kJ mol™! nm™2 at a core-core distance of 0.6 nm between
chosen monomers) are used to prevent intercalation or branching
of other monomers within the #n-mer or m-mer backbone that could
occur as a result of biasing.

The chosen CV for biasing is the minimum distance between
all interacting ends of the n-mer and m-mer, calculated via the
continuous function B(log ¥;exp B/di)™", with = 50. The OPES
well-tempered sampling was performed,” with a kernel deposition
frequency of 10 ps and a free energy barrier reference of 30 kJ mol ™.

MD was simulated using Langevin equations (implicit solvent)
via the sd integrator of GROMACS, with a 0.02 ps time step and
friction constant y = 10 ps~'. Dimerization and elongation processes
were run for 10% steps, while for coalescence, we used 208 steps.

Free energy profiles [Figs. 1(C) and 1(DD)] were obtained by a
reweighting procedure®® after removing the initial 25% of the trajec-
tory. The conditional free energy differences AF associated with the
polymerization steps were estimated as the difference between the
free energy minimum and the unbound free energy at s = 1.9 nm.
The convergence of AF along the OPES simulation time is reported
in Fig. S2. The spherical entropic correction 8F = +kpTlogd® is
introduced to account for the symmetry of states. The internal
energy (AU) and entropic (—TAS) contributions (Fig. S1) were
computed following Refs. 94 and 95.

Uncertainties in free energy, internal energy, and entropy pro-
files were estimated by combining reblocking and bootstrap anal-
yses, as follows. The instantaneous uncertainties in the free energy
[F(s) or G(s)] and internal energy [E(s)] profiles were obtained
from the fluctuations of the time-dependent free energy (or energy)
estimates evaluated along the CV s. Because the time evolution of
F(s) [G(s) and, to a lower extent, E(s)] is strongly correlated due
to the dynamics of bias construction, we applied a reblocking anal-
ysis. To minimize assumptions about the underlying distribution,
the block-averaged estimates were further resampled via bootstrap-
ping; uncertainties were computed using 1000 bootstrap ensembles.
By monitoring the dependence of the estimated uncertainty on the
block size, we selected the optimal reblocking. Typical block sizes
were of 5-10 ns for minimalistic MD simulations and of 20-30 ns
for atomistic MD simulations. Uncertainties in the entropy profile
and free energy differences (AF or AG) were propagated accordingly
from the error estimates for free energy and internal energy profiles.

We underline that the obtained error bars can underestimate
the uncertainty, as profile fluctuations along a single OPES trajectory
are correlated by the biasing dynamics. This is the case in the esti-
mates of internal energy differences in Fig. S1 and, as a consequence,
of entropy differences, where profile fluctuations for unbound con-
figurations (CV 2 0.8 nm) are larger than the estimated error and
more representative of the measurement uncertainty.

B. AA models of UPy SPs

The atomistic models of UPy-based monomers were built with
the Avogadro.”® Gaussian®’ tool, based on the HF/6-31G*, was used
to estimate the generated electrostatic potential, and the RESP*
method was then applied to obtain the partial charge distribution
within the molecule. The complete parameterization was based on
the General AMBER Force Field (GAFF),” using Antechamber.'"’
The TIP3P'"! model is employed for water molecules, while the

ARTICLE pubs.aip.org/aipl/jcp

parameterization of CHCls was carried out as described above for
the UPy-based monomer. Nonbonded interactions, including van
der Waals and short-range electrostatic interactions, were evalu-
ated within a cutoff radius of 1.4 nm, while for the long-range
electrostatics, particle-mesh Ewald summation was applied.

The self-assembly MD simulations of 42 UPy monomers in
water and CHCl; were carried out with GROMACS.” The UPy
monomers were randomly dispersed in a 10 x 10 x 10 nm® box
filled with solvent molecules. PBCs were applied in all directions.
Two equilibration steps were performed to reach the thermody-
namic conditions of 298 K and 10° Pa. The self-assembly simulation,
lasting 1 ps, was then performed using a v-rescale thermostat'®”
(tr = 0.1 ps) coupled with a c-rescale barostat'"” (7, = 2 ps).

1. OPES-MetaD simulations in AA simulations

For the OPES-based estimates of conditional free energy dif-
ferences, we used the same MD settings employed in the AA self-
assembly simulations. After the equilibration steps, we performed
extensive 1 ys-long OPES-MetaD simulations™ using GROMACS”!
and PLUMED2.”” To study cooperativity, the following four
distinct setups were considered:

e 1+1-mer: to explore the FES of two UPy monomers solvated
either in water or CHCls;

e 2n+2-mer: to characterize the polymerization of a probe
dimer on a template of n pre-stacked dimers in CHCls;

e 2n+1-mer: to characterize the polymerization of a probe
1-mer on a template of n pre-stacked dimers in water;

e (2n+1)+1-mer: to characterize the polymerization of a probe
1-mer on a terminal end having a single monomer stacked
on a set of n pre-stacked dimers, highlighting the competi-
tion between stacking and planar dimerization modes.The
FES in Fig. 2(D) shows the thermodynamic phase space
of two UPy monomers interacting in CHCl; or aque-
ous solution (1+1-mer). To obtain the FES, we selected
as CVs: (i) the core-core distance (d) between the geo-
metric centers of the two UPy molecules, and (ii) the
number HB-dim of dimerization-specific hydrogen bonds,
estimated by computing the coordination number among
the involved atoms (with a rational switching function, using
Ro = 0.12Dp = 0.27°*”). The same CVs were also applied
to investigate the (2n+1)+1-mer polymer growth in water
[Fig. 4(C)]. Here, the simulations started from a pre-stacked
polymer of n dimers + 1-mer, hold together by harmonic
wall restraints to avoid polymer breakage. In particular, har-
monic walls were imposed both on the HB-dim distances
within the planar dimers and on the projection distances
of each monomer on the polymer axes. Extra repulsive
harmonic walls were used to prevent intercalation of the
probe monomer within the backbone. For the polymer-
ization cases 2n+2-mer and 2n+1-mer, the chosen CV for
biasing was the minimum distance between the centers-
of-geometry of the probe monomer and of the interacting
terminals of the template n-dimer stack, calculated via the
function B(log 3, exp B/d;) ™", with = 50 to have a contin-
uous function. The prestacked polymer of n dimers is held
together by using the harmonic wall restraints described
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above—same as the (2n+1)+1-mer case. The AA simula-
tions carried out via OPES™ well-tempered sampling were
performed with a kernel deposition frequency of 100 ps
and a free energy barrier reference of 30 k] mol™ in water
and 50 kJ mol ™! in CHCl;. Free energy profiles [Figs. 2(D),
3(D), 3(E), and 4(C)-(E)] were obtained by a reweighting
procedure™ after removing the initial 20% of the trajectory.
The spherical entropic correction OF = +kpTlogd® was
introduced to correct along the distance CVs. This correc-
tion is not in fact present in the reported results, as we fig-
ured out during the revision process that it is not necessary
(besides being in any case small enough, i.e. ~1.7 kJ/mol, to
bear significant impact on the results). Errors are computed
by combining reblocking and bootstrap analyses following
the same procedure used for the minimalistic CG case. The
effectiveness of the OPES procedure is highlighted by the
sampling of numerous binding-unbinding events (see Figs.
$9-S10) and by the satisfactory convergence of free energy
differences, computed between the minimum configuration
and a chosen unbound configuration (s = 1.9 nm), reported
in Fig. SI11.

SUPPLEMENTARY MATERIAL

The supplementary material features the following: (i) Free-
energy decomposition and convergence plots for the minimalistic
model simulations. (ii) Supplemental results and analyses for the
AA-MD simulations of UPy polymerization, including an assess-
ment of the side-chain effect, monomer/dimer orientation analyses,
additional free-energy surfaces, the time evolution of CVs along the
OPES-MD, and free-energy convergence plots. (iii) A summary of
the computed binding free energies.
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