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ABSTRACT   

Supramolecular polymers, formed via non-covalent self-assembly of elementary monomers, are 

extremely interesting for their dynamic bioinspired properties. In order to understand their 

behavior it is necessary to access their dynamics while maintaining high-resolution in the 

treatment of the monomer structure and monomer-monomer interactions, which is typically a 

difficult task, especially in water solution. Focusing on 1,3,5-benzenetricarboxamide (BTA) 

water-soluble supramolecular polymers, we have developed a transferable coarse-grained model 

that allows studying BTA supramolecular polymerization in water while preserving remarkable 

consistency with the atomistic models in the description of the key interactions between the 

monomers (hydrophobic, H-bonding, etc.), self-assembly cooperativity and amplification of 

order into the growing fibers. This permitted us to follow the polymerization process in the 

aqueous environment in time while simultaneously monitoring the emergence and amplification 

of order and of the key interactions into the BTA fibers. Our molecular dynamics simulations 

provide a picture of a stepwise cooperative polymerization mechanism, where the monomers 

first undergo fast aggregation in water due to hydrophobic effects, while on a second step these 

disordered aggregates reorganize dynamically into ordered directional oligomers. Polymer 

growth then follows on a slower timescale. We challenged our models via comparison with the 

experimental evidences, capturing the effect of temperature variations or subtle changes in the 

monomer structure on the polymerization and properties of the fibers seen in the real systems. 

This work provides a multiscale spatiotemporal characterization of BTA self-assembly in water, 

and a useful platform to study a variety of BTA-based supramolecular polymers toward 

unprecedented structure-property relationships. 
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Supramolecular polymers, where the monomers are interconnected via non-covalent 

interactions, have recently received notable attention thanks to their dynamic and adaptive 

properties.1–3 These self-assembled structures possess self-healing behavior, stimuli 

responsiveness and dynamic bio-inspired properties reminiscent of those of many natural 

materials, which make them extremely interesting for the creation of novel advanced materials 

for nano- and bio-applications.4 While their behavior is encoded into the molecular structure of 

the monomers and in the monomer-monomer interactions, gaining deep understanding of the key 

factors controlling the assembly is a first fundamental step toward the rational design of 

supramolecular polymers with controllable properties.5–7 However, due to the reduced size and 

dynamic behavior of the monomers, and to the limited contrast offered by these soft assemblies 

in solution, obtaining detailed understanding of the behavior of the supramolecular polymers at 

experimental level is extremely difficult, especially in water.6–8 This produces a general lack of 

molecular-level insight into the factors controlling the self-assembly in the aqueous environment. 

A tool providing access to the dynamics of the supramolecular polymers while at the same time 

maintaining high resolution in the description of the monomer structure and accuracy in the 

treatment of the key interactions governing the self-assembly would constitute a remarkable 

advance in the field.  

Among many existing examples,9–19 1,3,5-benzenetricarboxamide monomers (BTA)-based 

supramolecular polymers, in which the BTA monomers directionally self-assemble due to core 

stacking and 3-fold hydrogen bonding between the amides of the BTAs (Figure 1a-c), are ideally 

suited for fundamental studies on supramolecular polymers in different conditions.20 However, 
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the intrinsic hydrophobicity of the monomers hinders the experimental study of their 

polymerization and depolymerization in water using organic solvents or temperature. 

Consequently, the factors/mechanisms leading the formation of these supramolecular polymers 

in water remains often inaccessible by the experiments.  

In this context, molecular simulations have recently emerged as an important tool to study 

BTA supramolecular polymers9,15,21–28 as well as other types of self-assembled fibers25 and 1D 

ordered stacks29–32. Previous computational studies based on density functional theory focused 

on the cooperativity of inter-monomer H-bonding and dipole amplification in small BTA stacks 

in the gas-phase.21,24,33 Stacks of BTA monomers with short side chains (up to C6) in organic 

solvents (e.g., nonane) have also been investigated by means of all-atom classical molecular 

dynamics (MD) simulations,23 providing insights into the BTA assembly in intrinsically ordered 

conditions (i.e., the apolar solvent and the semi-rigid nature of the monomers favor the ordered 

stacking of the BTA cores). However, when moving to water complexity greatly increases due to 

the structure and the dynamics of the water-soluble monomers (e.g., Figure 1a,b) and to the 

importance of the hydrophobic effects. All-atom (AA) classical MD simulations of peptide 

amphiphilic supramolecular fibers in explicit water have been reported, providing a detailed 

picture of the structure and H-bonding in the fiber.9 Recently, we also used AA-MD simulations 

to study BTA supramolecular polymers in aqueous solution (explicit water molecules).26 Our 

model of infinite BTA fibers allowed to study the effect of a subtle point mutation into the 

monomer – i.e., the addition of a single methyl group into the side chains of the BTAs, making 

the monomers chiral – on the supramolecular polymer.26 The differences captured by our AA 

models in terms of assembly structure (helicity, etc.), stability, order and water penetration into 

the polymer were proven useful to rationalize differences in supramolecular dynamics seen in the 
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experiments – i.e., faster/slower monomer exchange with the solution in the achiral/chiral BTA 

polymers respectively.26 More recently, comparison of AA models of water-soluble BTA stacks 

composed of an increasing number of monomers to disordered BTA aggregates of the same size 

also allowed us to unravel the delicate modulation of the key monomer-monomer interactions 

involved in the growth of an ordered BTA supramolecular polymer in water.27 

While all these atomistic models provided unique insight into these complex supramolecular 

assemblies, these are still subject to some important limitations, especially concerning the space- 

and time-scales that can be effectively explored, distant from those necessary to access the 

mechanism of self-assembly and the dynamic behavior of the supramolecular polymers. To 

tackle these limitations, one strategy is to develop coarse-grained (CG) models for the self-

assembling monomers. Notable efforts have been made in this direction, where the development 

of CG models allowed to simulate the spontaneous self-assembly of proteins,34 carbohydrates,35 

surfactants,36 polymers,37,38 etc. into micelles,39 vesicles (polymersomes,40 liposomes,41 etc.), 

tubes,42
 bilayers,43 and supramolecular fibers.25,28  Different coarse-graining strategies have been 

tested, using well-known “general” CG force fields such as MARTINI44,45 or SDK,46 as well as 

others developed ad hoc.17 For example, the group of Balasubramanian recently reported an ad 

hoc CG model for one BTA derivative with short (C6) side chains to study BTA self-assembly in 

explicit nonane via CG-MD simulations.28 The group of Schatz used the MARTINI force field to 

model the spontaneous aggregation of CG peptide amphiphilic monomers into supramolecular 

fibers in water, obtaining useful insight on the assembled structure25 and self-assembly 

mechanism.47 While ad hoc models might in principle allow for higher accuracy in the 

representation and treatment of a determined system, the use of a “general” CG force field like 

MARTINI holds the remarkable advantage of high transferability and many chemical 
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functionalities/groups already available and tested,35,36 which facilitates monomer customization. 

This is fundamental when one wants to study variants of self-assembling monomers to obtain 

structure-property relationships.   

Herein we have developed a transferable CG model for water-soluble BTA supramolecular 

polymers based on the MARTINI force field, which allows the interactive study of BTA self-

assembly in water while maintaining remarkable consistency with the AA models for what 

pertains to the description of the key interactions involved in the process, including the 

possibility of explicitly monitoring inter-BTA H-bonding. In this way, we obtain access to the 

mechanism of BTA self-assembly (structure and kinetics). We can capture the effect of subtle 

monomer modifications or changes in the surrounding conditions consistent with the 

experiments. This provides us with a versatile and ideal platform to understand how to customize 

the BTA monomers to control the properties of the water-soluble supramolecular polymers.  

 

RESULTS AND DISCUSSION 

Creation and testing of the coarse-grained models for water-soluble BTA 

The self-assembly and growth of BTA directional assemblies rely on a delicate modulation of 

hydrophobic, van der Waals and directional H-bonding interactions. Recently, by using all atom 

molecular dynamics (AA-MD) we have discussed in detail the role of H-bonding and H-bonding 

cooperativity on the growth of an ordered BTA supramolecular polymer in water.13 Initially 

focusing on the same system, herein our fist aim was to create a CG model for the BTA 

monomers capable to capture the key features of the atomistic (AA) models especially in terms 

of the behavior of the BTA in the aqueous solution, monomer-monomer interactions and 

cooperativity of the self-assembly. We decided to use the MARTINI coarse-grained force 
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field18,19 as a basis to build our CG models, which is a reliable choice for modeling the self-

assembly of various types of structures in water,25,48 and allows for facile implementation of the 

models in various conditions. Furthermore, this choice offers the intriguing opportunity to study 

the interaction between the supramolecular polymers CG models and bio-relevant assemblies 

(lipid bilayers, etc.).37,38,49 

For what concerns to the aromatic core and the side chains of the BTA of Figure 1a, composed 

of an hydrophobic dodecyl spacer (C12) and a tetraethylene glycol terminal (PEG), we used 

optimized MARTINI parameters reported recently.36,50 The CG representation of the BTA amide 

groups constituted a key point in our parametrization. In fact, the directional nature of H-bonding 

poses a relevant challenge to the MARTINI scheme, where all interactions are typically 

represented by a non-directional Lennard-Jones (LJ) potential. Thus, we built two CG variants of 

our BTA CG models, differing only in the description of the amides. A first model, BTA-CGC, 

includes an explicit treatment of the H-bonding between the BTA amides (Figure 1d: AMDc). 

Similar to what recently done by the group of Balasubramanian,28 the CG amides (AMDc bead) 

contain a dipole (two ±q charges) mimicking the rigid amide orientation and the directionality in 

the BTA-BTA H-bonding typical of AA models (see methods and SI for details). On the other 

hands, the second model, BTA-CG0, was build identical to BTA-CGC except for the amides, 

represented in this case by a standard martini bead (Figure 1d: AMD0). In this simpler model, the 

BTA-BTA H-bonding is thus implicitly contained in the AMD0-AMD0 LJ interactions. Both 

AMDc and AMD0 beads have been optimized to reproduce at CG level the core+amides 

dimerization free-energy profiles in water seen at atomistic level (see methods and SI). 

According to the MARTINI standard procedure,37 the bond parameters (distances and angles), 
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identical in all BTA-CG models, have been refined to reproduce the behavior of the atomistic 

monomers in water. 

 

Figure 1. The reference water-soluble BTA monomer studied herein. (a) Chemical structure. 

(b) Equilibrated atomistic model for the BTA in water.26,27 (c) 1D self-assembly through core-

core stacking and threefold H-bonding between the BTA amides leading to fiber growth. (d) 

MARTINI-based CG models for the core and side chains of the BTA. BTA-CGC and BTA-CG0 

models differ in the description of the amides (with or without explicit description of inter-

monomer H-bonding respectively). (e) Consistency of the radius of gyration (Rg) and SASA 

data at AA and CG level obtained from the MD simulations of a single BTA monomer in 

water.   

At the single monomer level, the radius of gyration (Rg) and solvent accessible surface area 

(SASA) of the BTA-CG models were found to fit well with those of the BTA-AA one in explicit 

water (Figure 1e). This demonstrates that both BTA-CGc and BTA-CG0 models well represent 

the behavior of the BTA monomer in water (correct hydrophobic/hydrophilic balance within the 

BTA structure), while the CG models show slightly faster dynamics than the AA one, as it is 

expected from a CG scheme.  

Then, we explored the accuracy of the CG models in treating the interaction between the 

monomers. Using metadynamics simulations,51,52 we obtained the free-energy of dimerization for 
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both the BTA-CG models and the BTA-AA one (considering the full monomers in water). This 

was found identical in all cases (~-9±2 kcal mol-1), demonstrating the accuracy of the CG models 

in capturing the monomer-monomer interaction in the aqueous environment.  

A fundamental point in such supramolecular polymers is the cooperativity of the self-

assembly, where monomer addition becomes increasingly favorable while the polymer grows, 

eventually leveling off over a certain assembly size.24,27 Recently, we have shown by means of 

AA-MD simulations how order emerges and is amplified into these BTA stacks due to 

augmentation of the key interactions in the assembly (hydrophobic and H-bonding).27 We aimed 

at verifying the accuracy of our CG models in reproducing such an amplification of the inter-

monomer interactions seen in the AA models. To this end, we started by building CG models for 

small BTA stacks composed of 2, 3, 5, 7, 14 and 21 BTA monomers (Figure 2a) analogous to 

those simulated previously at atomistic level.27 These systems have been equilibrated by means 

of CG-MD simulations (10 µs). We extracted relevant parameters indicative of the amplification 

of the key interactions (i.e., hydrophobic and H-bonding) and of stacking order into the growing 

oligomers.  

An indicator of the hydrophobic effects involved in the BTA self-assembly is the shrinkage of 

the SASA of the monomers due to aggregation in solution.27 In particular, the ∆SASA, 

calculated as the difference between the average SASA of the BTAs in the different size 

assemblies and that of the monomer dissolved in solution (∆SASA = SASAass – SASAmonomer), 

provides indication of the strength of the monomer shrinking into the growing stacks 

(hydrophobic effect). At the same time, the interacting ±q charges in the amides of the BTA-CGc 

monomers, explicitly mimicking the inter-BTA H-bonding, allow us to monitor the number of 

equivalent H-bonds per-BTA in the growing stacks and the associated H-bonding (electrostatic) 
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energy. Finally, the level of order in the BTA core-core stacking can be accurately monitored 

from the radial distribution function of the BTA cores (g(r)) – the higher the g(r) peaks at 

stacking distances (c: closest neighbor, 2c: second closest, etc.), the higher the persistence/order 

in the stacking.27 

We started by testing the BTA-CGc model in in both standard (W)18,19 and polarizable (POL)53 

MARTINI water, where the partial charges in the POL beads might, in principle, interfere with 

the threefold H-bonding between the BTAs (the ±q charges in the dipoles of AMDc have been 

opportunely adjusted for the POL environment – see methods and SI). Up to the level of the 21-

mers, the behavior of the BTA-CGc model in W and POL environments was found substantially 

invariant (see SI). For this reason, from this point on we abandoned the use of the POL solvent as 

this was found to strongly slow down the CG-MD runs, hindering the possibility to explore the 

sizes and simulation timescales expected from our CG models (results for the BTA-CGc model 

in POL solution are provided in the SI – Figure S4). On the other hands, the acceleration 

provided by our CG models in standard MARTINI water allowed to study way larger BTA 

systems. 

We built two pre-stacked systems, composed of 160 and 480 initially extended BTA-CGc 

monomers replicating along the main fibers axis through periodic boundary conditions to form 

infinite BTA fibers (160* and 480*).26,27 These systems  have been equilibrated by means of 

MD-CG simulations (Figure 4f: 480*, ten times bigger than the maximum size simulated at the 

atomistic level).26,27 We also created two self-assembling systems composed of 160 and 300 

BTA-CGc monomers initially dissolved in water, where the BTA monomers underwent 

polymerization in water during the CG-MD runs (16 µs). All systems have been equilibrated for 

several microseconds reaching the equilibrium with good stability during the CG-MD runs (see 
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methods and SI). Analogous pre-stacked and self-assembling BTA-CG0 systems have been also 

built, simulated and analyzed for comparison.  

As it can be inferred from Figure 2b, the shrinkage of the BTA SASA (∆SASA) increases with 

the size of the assemblies, while this tends to a plateau for sizes greater than ~100 BTA. This 

cooperative behavior in the hydrophobic effects involved in the self-assembly is exactly the same 

observed recently at the atomistic level,27 and it is directly imputable to a more efficient 

screening from the polar solvent of the hydrophobic parts of the BTA oligomers while the 

assembly size increases. Interestingly, BTA-CG0 and BTA-CGC behave in nearly identical way, 

demonstrating that both models capture the cooperativity of the hydrophobic effects in very 

similar way to the AA models.13 
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Figure 2. Self-assembly cooperativity: amplification of the key interactions and stacking order 

into the growing oligomers. (a) BTA stacks of different size. (b) Hydrophobic effect: SASA 

variation (∆SASA) per-BTA in the different size stacks respect to the dissolved monomer as a 

function of the assembly size. (c) Average number of equivalent hydrogen bonds per-BTA and 

average H-bonding energy per-BTA as a function of the assembly size (in the BTA-CGC 

systems). This amplification of the key interactions (hydrophobic and H-bonding) during 

polymer growth in the CG models is consistent with that recently seen at atomistic level.27 

(d,e) Amplification of stacking order into the growing polymers. Radial distributions functions 

(g(r)) of the BTA cores in the different size BTA stacks for both BTA-CGC and BTA-CG0 

variants.   

The BTA-CGC model offers the unique opportunity to monitor the number of equivalent H-

bonding and H-bonding energy as a function of the system size (see Figure 2c). The number of 

equivalent H-bonds per-BTA in the various simulated systems is seen to increase from ~0.7 for 

the dimer to, at saturation, ~2.2 for the largest systems (e.g., 480* pre-formed infinite fiber, etc.), 

identical to that recently found in the case of the AA modeling of an infinite BTA fiber in 

explicit water (composed of 48 BTAs).27   

The average H-bonding energy per-BTA directly extracted from the CG-MD simulations 

(electrostatic energy for the interaction between the ±q charges in the AMDc groups)  follows the 

same trend, becoming more and more favorable until approaching a plateau at ~-3.5 kcal mol-1. 

Noteworthy, dividing the latter for the average number of H-bonds at saturation (2.2) we obtain 

an average energy per-single H-bond in water of ~-1.6 kcal mol-1, in remarkable agreement with 

the energy of a single H-bond in aqueous solution for peptidic structures (-1.58 kcal mol-1).26,27,54 

This demonstrates that our BTA-CGC can correctly approximate the strength and the 

amplification (cooperativity) of H-bonding into the growing BTA supramolecular polymer. 

We also monitored the amplification of stacking order into the growing BTA-CGC polymer.27 

Seen in Figure 2d, the height of the g(r) peaks increases with the size of the BTA-CG 

assemblies, reaching saturation in the largest systems. This behavior is again consistent with 

what recently observed at the atomistic level.27 Furthermore, the fact that in the largest systems – 
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both in (i) bottom-up (160 and 300 dissolved monomers undergoing polymerization during the 

CG-MD runs) and in (ii) top-down ones (e.g., 480* and 160*: pre-stacked infinite fibers relaxed 

by means of MD-CG) – all relevant energetic and structural parameters converge to the same 

values clearly demonstrates that our CG systems reliably reach the equilibrium within the CG-

MD timescale of few tens of microseconds. This is an important advantage of CG models 

compared to AA ones, where guaranteeing full equilibration and satisfactory sampling of these 

complex assemblies in water at atomistic resolution is not obvious.  

Interestingly, the BTA-CG0 systems were found to produce similar results to BTA-CGC 

(Figure 2e), showing that also in the absence of an explicit treatment of H-bonding, the self-

assembly cooperativity and the amplification of order seen at AA level are substantially well 

reproduced. This has been rationalized as to be likely due to a shape factor. In fact, while the 

rigid ±q dipoles in the BTA-CGC model explicitly impart directionality to the AMDc-AMDc 

interaction, the presence itself of the aromatic BTA core and of the C12 spacers grafted on the 

two opposite sides respect to the AMD0 center constrains to some extent the AMD0-AMD0 

interactions on the plane perpendicular to the main axis of the BTA side chain (see SI – Figure 

S1). 

From the structural point of view, the final equilibrated cross-sectional radii for the 160* and 

480* “infinite” CG fibers, and, for example, for the largest BTA oligomer spontaneously formed 

during the CG-MD simulation of the 160 self-assembling system (the 85-mer shown in Figure 

3a) are found ranging ~2.6-2.9 nm, in good agreement with the experimental value extrapolated 

from SAXS measurements (3.1 ± 0.2 nm),26 especially considering the structural approximations 

of the CG models.  
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Mechanism of BTA self-assembly in water 

All data discussed above well demonstrate that our BTA-CGC model can accurately describe 

not only the behavior of the monomers in water, but also the strength and cooperativity of the 

self-assembly and the amplification of stacking order into the growing BTA polymers seen at 

AA level.13 However, the acceleration guaranteed by the CG models opens up the intriguing 

possibility to study the self-assembly of the BTA monomers in water in time, which is precluded 

to AA models due to the exaggerated structural complexity of the systems.  

 

Figure 3. Mechanism of BTA self-assembly in water. (a) Starting and equilibrated (final) 

snapshots for the 160 BTA-CGC self-assembly system (for clarity, only the BTA monomers 

belonging to the largest cluster, a BTA 85-mer spontaneously formed during the CG-MD, are 

shown). (b) Number of BTA clusters and order parameter Φ (core-core coordination) as a 

function of the CG-MD simulation time for the 160 BTA self-assembling systems (for both 

BTA-CGC and BTA-CG0). (c) CG-MD trajectories as a function of the average cluster size (x 

axis) and Φ (y axis). (d) 2D self-assembly free-energy surface (FES) for the BTA-CGC system, 

as a function of the average number of H-bonds per-BTA and the average SASA per-BTA. 



 15 

The molecular system composed of 160 BTA-CGC monomers initially dispersed in solution 

offers a nice example of the potential of this model (Figure 3a). During the early steps of the CG-

MD simulation (the first ~0-20 ns) the monomers in the system are seen to aggregate very 

rapidly, as demonstrated by the abrupt decrease in the number of BTA clusters present in the 

system (Figure 3b: dotted red line). The evolution of the order parameter Φ during the run 

(Figure 3b: solid red line) indicates that up to ~30 ns of CG-MD simulation the BTA aggregates 

are still disordered. The Φ index represents the average coordination number between BTA 

cores, ranging 0 for dispersed BTAs to a maximum of 2 in theoretical perfect stacking condition 

(each BTA core has two coordinated neighbors). The Φ index increases considerably in time, 

reaching a maximum of ~1.8 after 16 µs of CG-MD. During this CG-MD simulation time, the 

largest BTA assembly spontaneously formed in solution is a fiber fragment with elongated shape 

– a BTA 85-mer, shown in Figure 3a (85(160)). In this oligomer, the amplification of stacking 

order is already maximized, as demonstrated by the blue g(r) curve in Figure 2d, superimposed 

to that of the infinite preformed 480* BTA fiber (in red). These data indicate that while the initial 

phase of BTA aggregation is very fast and dominated by hydrophobic interaction, the emergence 

and amplification of the stacking order into the oligomers, accompanied by augmented 

electrostatic/H-bonding interactions, proceeds at a slower rate.  

To better describe the BTA polymerization mechanism, we have plotted in Figure 3c the CG-

MD trajectories of this system as a function of the average cluster size and of the order parameter 

Φ. Starting from bottom-left corner in this plot (dispersed monomers), BTA self-assembly 

follows a sigmoidal pathway. The latter identifies a stepwise polymerization process, which can 

be summarized as follows: first, (i) the monomers rapidly self-assemble into disordered 

aggregates, then, (ii) at an average cluster size of ~20-30 BTA (which clearly depend on the 
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BTA concentration in the system), the aggregates undergo structural reorganization evolving into 

ordered (stacked) BTA oligomers, that (iii) aggregate further leading polymer growth (the 

discrete steps in the top-right region of the plot indicate fusions of ordered oligomers). This 

stepwise self-assembling process is consistent with recent hypothesis formulated on the base of 

thermodynamic and structural analyses of AA-MD simulations.27 However, this new CG model 

allows us to follow the supramolecular polymerization process in time during our simulations.   

While Figure 3c allows identifying the steps involved in the BTA self-assembly, this provides 

no clear indication on their relative kinetics. As recently done for other self-assembling 

systems,47,48 from the CG-MD simulation we obtained the free-energy landscape for the self-

assembly process. The latter is represented as a function of the average SASA of the BTAs and 

the average number of H-bonds per-monomer. In this Figure 3d, lighter colors (yellow) 

correspond to the most energetically unfavorable, and least visited, configurations, while darkest 

colors identify the most favorable, and most visited, ones. Starting from the top-left, the 

monomers rapidly aggregate in the system following to hydrophobic effects (strong reduction of 

the SASA). In this phase, the H-bonding between the BTA cores is still reduced (<1 H-bond per-

BTA). Then the BTA aggregates, rather than growing further in disordered way, optimize first 

their structure and augment the H-bonding, evolving into ordered stacks. Fiber elongation 

proceeds through the fusion of these ordered oligomers (bottom right free energy-minimum) on a 

much slower timescale.  

These data provide a multiscale picture (monomer-monomer interactions to self-assembly, 

amplification of supramolecular order and fiber growth) of the BTA polymerization mechanism 

in water that is consistent with the AA models27 and with experiments. In fact, upon injection of 

molecularly dissolved BTA monomers from methanol into water an initial UV spectrum is 
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observed, which changes with time into the final one obtained for the BTA polymers.55 

Furthermore, another recent experimental study showed that sugar-decorated BTA monomers 

form small aggregates at high temperatures, which upon cooling are then converted into 

supramolecular fibers.56 

While obtaining a molecular-level perspective into the dynamic process of BTA 

supramolecular polymerization in water has represented until now an unsolved critical problem, 

all these data demonstrate the remarkable potential of our model in successfully dealing with this 

issue. In fact, thanks to the advantages guaranteed by the latter, we can study BTA 

polymerization of these complex monomers in time while preserving the chemical specificity of 

each unit, the structural and dynamic features of each single molecule and the accurate treatment 

of the key interactions involved in the self-assembly.  

The BTA-CG0 model produced similar results, forming large oligomers in solution found only 

slightly less ordered (Φ) than in BTA-CGC, which can be imputed to the more directional nature 

of the attraction between AMDc beads compared to AMD0 (see SI – Figure S1). Noteworthy, 

while the BTA-CGC model provides the remarkable opportunity to monitor the H-bonding 

between the BTA cores during the dynamic self-assembly process (quite unique at this level of 

accuracy), BTA-CG0 offers a simpler, yet accurate, version of the model – a safer alternative 

when one wants to study, for example, the interaction of BTA supramolecular polymers with 

other bio-relevant molecular and supramolecular targets (proteins, DNA, lipid bilayer, etc.) 

easily implementable in the MARTINI framework. 

 

Effect of structural modifications and temperature variations 
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Recently, experimental studies from the group of Meijer have shown that the BTA 

polymerization in water is extremely sensitive to changes in the hydrophobic/hydrophilic balance 

into the monomer structure.8 While using C12 or C11 alkyl spacers in the side chains of the 

monomers produced nearly identical supramolecular fibers in aqueous solution, replacing the 

latters with C10 was found to inhibit the formation of BTA supramolecular polymers.8  
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Figure 4. Effect of structural modifications in the monomers and temperature variations. (a) 

CG representation of BTA monomer variants where the alkyl hydrophobic spacers in the 

lateral chains have been systematically reduced. (b) Initial and final snapshots from the 

simulation of 160 C6 BTA (R2) self-assembling system in water. (c) Average cluster size and 

(d) size of the largest cluster formed along the CG-MD simulations of the different 160 self-

assembling systems – i.e., the standard C12 BTA and the three C9, C6 and C3 BTA variants at 

room temperature (27 °C), and the standard C12 BTA at high temperature (95 °C). (d) 

Disassembly of the 480* C12 BTA (infinite) fiber during the CG-MD run when temperature is 

increased to 95°C – the number of clusters and the size of the largest BTA cluster in the 

system respectively increase and decrease during the simulation. (e) Equilibrated snapshot 

taken from the CG-MD simulation of the 480* BTA-CGC infinite fiber model in water at room 

temperature.   

We challenged our BTA CG models against these experimental evidences. To this end, we 

built BTA-CGC models with shorter hydrophobic spacers (containing respectively 3, 2 and 1 

hydrophobic MARTINI beads, see Figure 4a and methods section), corresponding to C9, C6 and 

C3 alkyl spacers, compatibly with resolution allowed by our CG models. The same initial 

configuration used for the C12 BTA – 160 initially dispersed monomers in water – was used to 

build analogous systems for C9, C6 and C3 BTA-CGC, which underwent CG-MD simulation (16 

µs) to see if our setup could capture differences in the monomer self-assembly. 

Our models demonstrated full consistency with the experimental evidences. In the C6 and C3 

BTA-CGC systems supramolecular polymerization was found completely hindered. Only very 

small BTA assemblies are spontaneously formed during the simulations (Figure 4b), as 

demonstrated by the reduced average and maximum sizes for the BTA clusters measured along 

the CG-MD (Figures 4c,d: green and purple). The C9 BTA-CGC system, at the threshold of the 

experimentally observed transition, is particularly interesting, as early during the CG-MD run 

this system attempts to grow a large oligomer. After ~3-5 ns, the latter is of comparable size than 

in the case of C12 BTA-CGC (Figure 4d, blue), but soon this turns out instable and disassembles 

ending into a size compatible with the average one for this system (Figure 4c). Thus, in our CG 

models, the polymerization of the C9 BTA system is found inefficient. By contrast, in the case of 
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C12 BTA-CGC, supramolecular polymerization continues uniformly as demonstrated by the 

ascending evolution in time of the average cluster size (Figure 4c). Also, once the largest 

oligomer reaches the size of 85 BTAs (after ~100 ns), it never disassembles during the 16 µs of 

CG-MD, indicating the stability of the assembly (further growth of longer fibers proceeds on a 

longer timescale). On the other hands, shortening the alkyl chains even by a single hydrophobic 

CG bead (3 carbon atoms) has strong effect on the ability of the systems to grow stable 

oligomers – the maximum cluster size oscillates in a very dynamic way in C9, C6 and C3 BTA-

CGC systems. Very similar results are obtained also in the case of the BTA-CG0 model (see SI). 

Recently, temperature-dependent experiments demonstrated that the C12 BTA fibers studied 

herein undergo a structural transition when the temperature in the system is increased above 60-

80 °C. In such conditions, the BTA fibers, persistent at room temperature, disappear from the 

solution.55 Thus, we decided to test the behavior of our systems at high temperature (95 °C, 

taking into consideration the level of accuracy that could be expected from our models).  

We challenged the temperature sensitivity of our CG models from a double (i) bottom-up and 

(ii) top-down point of view. First, (i) starting from the same system with 160 initially dispersed 

C12 BTA-CGC monomers, we analyzed the ability of the system to undergo polymerization at 

high temperature (Figure 4c,d: in red) and compared the data to those at room temperature 

(black). Similar to C9 BTA-CGC at room temperature, at 95 °C the C12 BTA-CGC monomers 

initially aggregate, but polymerization is found unstable/ineffective and the clusters in the system 

cannot grow in stable way. Then, (ii) starting from the equilibrated 480* infinite BTA-CGC fiber 

model obtained after 6µs of CG-MD (Figure 4f), we increased the temperature in the system to 

95 °C and continued the simulation for other 2 µs at both high and room temperature for 

comparison. Shown in Figure 4e, the results of this simple test clearly demonstrate that the fiber 
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is not stable and breaks into smaller clusters at high temperature. The number of clusters in the 

system (solid red line) increases rapidly from 1 to ~20 during the run, while at the same time the 

number of BTA monomers in the largest cluster in the system drops from the initial 480 (full 

fiber) to ~40 (red dotted line). On the contrary, the same fiber is found perfectly stable and 

persistent at 27° C, without a single fiber breakage during the whole CG-MD run (6+2 µs). 

Similar results are obtained also in the case of the BTA-CG0 model (see SI – Figure S6). 

While the sensitivity of the MARTINI force field to temperatures much higher than the bio-

relevant ones is not obvious,45 these results demonstrate that also in this sense our models are 

perfectly consistent with the experiments. Taken all together, these data prove that our CG 

models can reliably capture the effect of subtle modifications in the monomer structure8 or 

changes in the external conditions28 on the supramolecular BTA polymer. Moreover, these 

automatically provide demonstration of the transferability of these CG models, which can be 

readily modified (e.g., changing the side chains, functional groups, etc.) to model variants of 

water-soluble BTA monomers in facile and reliable way.  

 

Structure-property relationships 

Recently, it has been shown by means of experiments and AA-MD simulations that other types 

of subtle structural modifications in the self-assembling monomers have important consequences 

on the monomer-monomer interactions and on the structure/dynamics of the supramolecular 

polymers.26,27 In order to challenge further the transferability of our CG models, we have built 

also two additional monomer variants and have compared them to C12 BTA. The first one is a 

recently reported 1,3,5-benzenetriester (BTE) derivative,27 identical to C12 BTA, but having the 

amides replaced by ester groups (Figure 5a). While having nearly identical structure to C12 BTA, 
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BTE monomers lack the ability to form the H-bonding network. It has been recently shown that 

these derivatives also form supramolecular fibers in water, albeit these are less persistent than 

their BTA analogs. In our CG model of the BTE (Figure 5a), we simply replaced the AMD beads 

of the BTA with the best-suited MARTINI beads to match the AA dimerization free-energy 

profile obtained for the BTE core+esters in explicit water (see methods and SI).  

 

Figure 5. Transferability of the CG models and structure-property relationships. (a) Structure 

and CG models for the BTE and BTAMe monomer variants. (b) Order parameter Φ as a 

function of time extracted from the CG-MD simulations of BTA-CGc, BTE-CG and BTAMe-

CGc 480* infinite fiber models in water. (c) Radial distribution function g(r) of the cores of the 

monomers extracted from the equilibrated phase of the CG-MD simulations for the three 

systems. (d) Linear trend between the % variation of g(c) (the height of the first g(r) peak, 

relative to direct core-core stacking) calculated respect to the BTA-CGc system (reference and 

set to 0) and the experimental Kuhn length of the three different fibers.26,27 

The second monomer variant (BTAMe), is again identical to C12 BTA except for the addition of 

a single carbon atom, a stereogenic methyl group, in the C12 alkyl spacers making the BTAMe 
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monomer chiral (Figure 5a).26 While BTAMe and BTA produce nearly identical fibers in water, 

this single point mutation on the side chain of BTAMe was recently found to increase BTAMe core 

stacking persistence/order and to reduce the dynamics (monomer exchange with the solution) of 

the supramolecular polymer compared to C12 BTA.26 While our MARTINI model clearly cannot 

account for the effect of chirality, it can account for the steric hindrance introduced by the 

addition of the methyl group into the side chain of BTAMe. To this end, the first SC1 bead 

representing the first 3 carbon atoms in the C12 spacer of the BTA was replaced with a C1, the 

standard to represent 4 carbons (Figure 5a). Also in the case of BTAMe we built two CG model 

variants – with (BTAMe-CGC) and without (BTAMe-CG0) explicit treatment of H-bonding. 

Following to the same procedure adopted for the standard C12 BTA (see methods), we 

constructed and equilibrated BTE-CG and BTAMe-CGC infinite 480* initially extended and 

perfectly stacked monomers (480*), which have been relaxed through 6 µs of CG-MD 

simulation. Both fibers were found stable during the runs, and showed similar macroscopic 

structure. However, when monitoring the order parameter Φ and the g(r) of the cores (Figures 

5b,c), both indicators of stacking persistence and stability, we found relevant differences. 

Compared to BTA-CGc supramolecular polymer, the degree of ordering and stacking stability 

between the cores has been found respectively increased in BTAMe-CGC and decreased in BTE-

CG fibers. This is fully consistent with our recent AA modeling of the same derivatives.26,27 

The height of the first g(r) peak (g(c)) is an indicator of the level of order and of the relative 

persistence of the stack,26,27,31,57 which is in turn intrinsically connected to the rigidity of the 

fiber, as a more persistent core-core stacking will intuitively produce less flexible fibers.26,27 In 

Figure 4d we plotted the % of variation in g(c) obtained from the simulations of BTAMe-CGC and 

BTE-CG models compared to that of BTA-CGc (set to 0 and used as a reference) against the 
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experimental Kuhn length of the fibers.26,27 This analysis produces remarkable linear trend 

between the molecular features of the assembly as captured by our CG models (g(c) height) and 

macroscopic properties of the polymers (flexibility/rigidity) from the experiments (very similar 

results are obtained for the BTA-CG0 and the BTAMe-CG0 models – see SI). This proves once 

more the consistency of our CG models with the atomistic ones and with the experiments. The 

remarkable transferability of these CG models is extremely useful to model a variety of BTA-

based supramolecular materials in aqueous environment, which is fundamental to build structure-

property relationships directly relating the structure of the monomer to the polymerization 

process and the properties of the supramolecular polymer. 

 

CONCLUSIONS 

In this work, we have developed a coarse-grained model for BTA derivatives that allows 

studying the dynamic self-assembly of the BTA monomers into long and persistent 

supramolecular polymers in water. Two versions of the BTA CG model have been developed 

and tested, both correctly capturing the strength and cooperativity of the self-assembly and the 

amplification of order into the growing polymer seen at atomistic level. While BTA-CGc also 

allows explicit monitoring of H-bonding, particularly useful to understand the dynamic evolution 

of the key interactions involved in the polymerization process, BTA-CG0 offers a simpler 

alternative to study the interaction of BTA-based assemblies with other supramolecular targets 

(lipid bilayer, proteins, DNA, etc.). Thanks to the advantages provided by these CG models, we 

could simulate large systems composed of hundreds of BTA monomers self-assembling into 

supramolecular polymers in water. In this way, we could access the mechanism and dynamics of 

supramolecular polymerization while maintaining a remarkably high precision in the description 
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of the key interactions involved in the self-assembly (including directional H-bonding). This is 

rather unique for such complex monomers, which self-assembly in water is controlled by a 

delicate modulation of directional (H-bonding) and non-directional (hydrophobic) forces.       

Our CG models proved remarkable consistency with the available experimental evidences 

from multiple points of view, showing a good sensitivity to temperature variations and the ability 

to capture the effect of subtle changes in the structure of the BTA monomers. This work provides 

a unique tool for understanding the dynamic behavior of these complex supramolecular materials 

in water and for building structure-property relationships for BTA-based supramolecular 

polymers in facile way. This will be extremely useful to understand how to design/customize the 

monomers to control the supramolecular polymer properties.  

 

METHODS 

Creation and parametrization of the BTA-CG models. The AA molecular models for the 

BTA and BTE variants were taken from our previous MD works,26,27 were these had been 

originally parametrized based on the general AMBER force field (GAFF).58 As a basis for our 

coarse-grained model for water-soluble BTA derivatives (Figures 1a and 5a) we have used the 

MARTINI force field.44,59 The philosophy of the MARTINI force field is to map 2-4 heavy 

atoms into a single bead, preserving the thermodynamic properties of the mapped species. The 

different polarity of the beads is realized by a proper scaling of their LJ interactions. In the 

standard MARTINI scheme, 4 water molecules are mapped into a single polar MARTINI bead. 

The use of this force field allows a 4-fold reduction in the number of particles and a significant 

increase of the time step used in MD simulations (from 1-2 fs to 20-40 fs). 
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For what concerns the parametrization of the BTA CG models studied herein, we followed the 

standard MARTINI parametrization procedure.37 The beads used for the simulated BTA-CG 

variants are detailed in Table 1. The aromatic core has been parametrized according to the 

standard for aromatic rings (benzene).50 The C12-PEG side chains of the BTA (Figure 1b) have 

been parametrized based on recent literature.36 In particular, while the hydrophilic part (PEG) 

relies on the latest improved MARTINI version for polyethylene glycol from Rossi et al.,36 for 

the hydrophobic part (C12) we opted for using 4 SC1 beads instead of 3 C1 MARTINI beads. Our 

tests demonstrated that the difference between the two options was negligible. Moreover, while 

slightly better preserving the native flexibility of the alkyl spacers in the BTA, this choice also 

provided us with more space for structural customization of the monomers (i.e., comparison 

between CG-BTA and CG-BTAMe, etc.) and resolution uniformity with the CG description of 

PEG. In the two BTA-CGc and BTA-CG0 models the MARTINI beads for the amide groups 

(AMDc and AMD0 respectively) have been parametrized differently. In the BTA-CGC model wa 

wanted to introduce a dipole (2 partial charges) to better model the directionality of H-bonding. 

However, we did not want to create a completely new bead in order to preserve the 

transferability of the MARTINI force-field. To this end, we started from the polarizable water 

MARTINI bead (POL),53 adapting it to our scope. The AMDc bead in BTA-CGC maintains the 

LJ parameters of the POL bead, while the ±q charges have been constrained at a distance of 0.17 

nm from the AMDc center, with the (-q)- AMDc -(+q) angle set to 180° (effectively keeping the 

charges at 0.34 nm from each other). The value of q (i.e., the dipole strength) has been optimized 

to reproduce the dimerization free-energy profile of two BTA core+amides in water at atomistic 

level (i.e., q was set to 0.61 e for BTA-CGC in standard (W) water, or to 0.32 e for the same 

system in polarizable (POL) MARTINI water – see SI, Figure S2). On the other hands, in the 
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CG-BTA0 model we simply chose for the AMD0 bead the standard MARTINI bead that again 

best reproduced the dimerization free-energy profile for the BTA core+amides in water at AA 

level (i.e., a P3 bead). The dimerization free-energy profiles for both coarse-grained BTA-CGC 

(in W and POL water) and BTA-CG0 (only W water) core+amides systems, and for the atomistic 

BTA-AA counterpart (in explicit TIP3P60 water molecules), have been obtained by means of 

metadynamics simulations,51,52 using the inter-core distance between the two reduced monomers 

as collective variable (hills height: 0.05 kcal mol-1 – hills width: 0.02 nm – deposition rate: 500 

time steps). The errors in the free energy profiles for the AA and CG systems have been 

calculated averaging multiple free-energy profiles (6-10 depending on the system) taken at 

different times after convergence of a single metadynamics run.61 

 

Table 1. MARTINI beads used in all BTA, BTE and BTAMe CG models developed in this work 

(see Figures 1a and 5a).  

BTA-CG0/CGC BTE-CG BTA-CG0/CGC-Me 

CORE 3 SC5[a] CORE 3 SC5[a] CORE 3 SC5[a] 

AMD0 P3 ESTER C5 AMD0 P3 

AMDC POL (q=0.61 e)[b]   AMDC POL (q=0.61 e)[b] 

C12
[c] 4 SC1 C12 4 SC1 C12 1 C1 + 3 SC1[d] 

PEG 4 SP0 

SPh for the 

terminal group[e] 

PEG 4 SP0  

SPh for the 

terminal group[e] 

PEG 4 SP0 

SPh for the 

terminal group[e] 
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[a]Standard MARTINI representation for aromatic rings (e.g., benzene).50 [b]The value of the ±q 

charges in BTA-CGC model has been optimized to reproduce the dimerization free-energy 

profiles of the BTA cores+amides obtained at AA level (see SI). In standard MARTINI water 

(W) the best fitting was found for q = 0.61 e (q = 0.32 e in polar MARTINI water, POL). [c]C9, 

C6 and C3 reduced BTA-CG analogous models have been created by reducing the number of 

SC1 beads in the alkyl spacers (to 3, 2 and 1 SC1 respectively). [d]The addition of the methyl 

group in the BTAMe monomer was modeled in BTAMe-CGc (and BTAMe-CG0) by replacing the 

first SC1 bead with a C1 bead (accounting for one more carbon). [e]Parameters for PEG were 

taken from the latest optimized PEG MARTINI parameters reported by Rossi et al.36 

All bonded terms in the CG models of the BTA monomers (distances and angles potentials) 

have been refined in such a way to reproduce the distributions obtained from the AA-MD (see 

SI). The MD simulations of the CG individual monomers in water demonstrated very good 

agreement with the AA-MD ones for what pertains to the monomer behavior in water (Rg and 

SASA data of Figure 1c,d). Moreover, additional metadynamics simulations of BTA 

dimerization in water (accounting for the full BTA monomers) at both AA and CG levels 

provided identical dimerization free-energies in the all cases (∆G~-9±2 kcal mol-1), not far from 

the ∆G~-13±3 kcal mol-1 recently obtained for the same BTA-AA dimer in water via more 

approximated MMPBSA analyses.27 

Simulation and analysis. All CG-MD simulations have been carried out in NPT conditions 

(constant N: number of particles, P: pressure and T: temperature during the run) using the 

GROMACS 5.1.2 software62,63 and using a 20 fs time step, except that for the simulations 

performed at 95° C, for which the time step was decreased to 10 fs. For the Metadynamics51,52 

simulations used to compare the dimerization free-energy profiles between the CG and AA 

models, we used the PLUMED 2 plugin.64 In all simulations the systems were weakly coupled to 

external temperature and pressure baths using respectively the V-rescale65 thermostat and the 

Parrinello-Rahman66 barostat. The temperature was kept at 27 °C (95 °C for the simulations at 

high temperature) with a coupling constant of 2.0 ps. The pressure in the system was maintained 
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at 1 atm with a coupling constant of 8 ps. All the simulated systems used isotropic pressure 

scaling, except for the 160* and 480* infinite fibers, for which we used semi-isotropic pressure 

scaling due to the directional nature of the solutes.26,27 For electrostatic and van der Waals (vdW) 

interactions we used a straight cut-off (1.1 nm) and potential modifiers, to better perform 

together with the Verlet neighbor list scheme.67 Details on the 45 molecular systems modeled and 

simulated in this study are provided in the SI.   

 Analysis of the simulations has been performed mainly using the GROMACS suite built-in 

facilities. For example, we used the gmx clustsize tool to follow in time the self-assembly process 

in terms of number of aggregates, average aggregate size and size of the largest aggregate 

present in solution, gmx minidist to calculate the order parameter Φ as the average coordination 

of the BTA cores, etc. The g(r) profiles, reported in Figures 2 and 5 as normalized for the 

volume of the spherical cell to compare between different size systems, have been obtained using 

gmx rdf. The free-energy landscape, represented in Figure 3e as a function of the average number 

of equivalent H-bonds and the average solvent-accessible surface area (SASA) per-BTA 

monomer, is useful to infer on how the self-assembly evolves in time, and it has been constructed 

from the CG-MD trajectory using with the method of histograms.47,48 
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