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Abstract

Compared with polycyclic aromatic compounds (PACs) that have a single polyaromatic core, 

those having multiple cores connected by aliphatic chains can undergo significant internal 

conformational change, leading to folding, the stacking between the cores within the same 

molecule. In this work, we investigated this interesting phenomenon using molecular dynamics 

simulations, performed in three different solvents: water, heptane and toluene. In addition, by 

having several multi-core PACs in the same solution, the relationship between intramolecular 

folding and intermolecular aggregation was elucidated. In water, a single multi-core PAC preferred 

to stay in the unfolded state; contrarily, folded configuration became dominant when multiple 

molecules aggregated. In heptane and toluene, a multi-core PAC molecule could switch easily 

between folded and unfolded configurations, regardless of whether it was in single dispersed or 

aggregated states. Introduction of single-core PACs further modified the folding characteristics of 

multi-core PACs in water and heptane. This work provided fundamental insights into the interplay 

between folding, homoaggregation (between multi-core PACs) and heteroaggregation (between 

multi-core and single-core PACs) in a colloidal system.
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1. Introduction 

Flexible molecules in colloidal systems undergo dynamic motion and conformational changes 

driven by many non-covalent interactions, such as hydrogen bonding, van der Waals forces, π-π 

interactions, electrostatic interactions, etc. Internally, different parts of the same molecule can 

interact forming interesting configurations [1]. One such example is the folding of 

biomacromolecules such as protein [2–4]. Molecular folding has also been studied in many other 

applications, including biomedical [5,6], environmental [7,8], food science [9,10], and chemical 

engineering [11,12]. On the other hand, interactions among different molecules can lead to 

aggregation and even assembly of ordered structures in colloidal systems, which has found 

applications in a number of areas [13,14]. In this work we investigate a class of interesting 

molecules, polycyclic aromatic compounds (PACs), which are susceptible to both intramolecular 

conformational changes and intermolecular aggregation. 

PAC has two subgroups: polycyclic aromatic hydrocarbon which has two or more fused 

benzene rings with only carbon and hydrogen atoms, and heterocyclic aromatic hydrocarbons 

which contain heteroatoms [15,16]. A large fraction of PACs exist naturally in coal, oil, wood, tar, 

etc. [17], while some have been synthesized for nanotechnology applications [18–21]. It is known 

that PACs tend to stack through intermolecular π−π interactions between their polyaromatic (PA) 

cores [22,23]. In fact, self-assembly of PACs into columnar superstructures has led to intriguing 

nanostructures [24–26] that can function as optical and electronic devices [27–30]. The PA cores 

in a PAC can have different sizes and structures, such as acenaphthene, fluoranthene, pyrene, etc. 

[15,24] In addition, a PAC can contain one large PA core, or multiple small cores connected by 

aliphatic linkers. For example, structures of asphaltenes, a component of crude oil, are typically 

categorized as continental type (single-core) and archipelago type (multi-core). Adamson et al. 
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[31], using tandem mass spectrometry, detected aliphatically-bridged multi-core PACs in sooting 

flames. Alvariño et al. [25] synthesized metallacycles of PACs with multiple aromatic regions and 

matched the dimension of cavity to dinuclear receptors, which was of interest for applications such 

as drug delivery. Pisula et al. [22] studied columnar assembly of disk-like PA cores in electronic 

applications; by attaching side chains with or without other PA cores, the mobility of charge carrier 

could be tuned. Mativetsky et al. [32] synthesized self-assembled monolayer of multi-core bridged 

PACs that could be applied as a new donor-acceptor dyad. While the intermolecular aggregation 

or self-assembly have been frequently studied for single-core PACs [33–36], much less attention 

has been paid to multi-core PACs [22,25,31,32]. Furthermore, compared with single-core PACs, 

multi-core PACs are usually more flexible and susceptible to internal structural changes. This has 

motived the present study, where we investigate both aggregation and folding, the stacking 

between the cores within the same molecule, of multi-core PACs.

Studies on the colloidal behaviours of multi-core PACs have been limited. Acevedo et al. [37] 

calculated the solubility parameter of PACs in 57 organic solvents, and found multi-core PACs to 

be more difficult to aggregate than single-core PACs [37]. To explain, the authors hypothesized 

that multi-core PACs may have folding and unfolding features due to their rotational degree of 

freedom at the interconnection between the cores, although no direct evidence was provided [37]. 

Kuznicki et al. [38] performed molecular dynamics (MD) simulations on a mixture of both single-

core and multi-core PACs, dispersed in water, toluene and heptane. The observation of “self-

stacking” was reported for multi-core PACs, similar to the folding proposed by Acevedo et al. [37] 

Recently, an interesting work by Wang et al. studied the aggregation and folding of multi-core 

PACs in toluene, n-heptane and their mixtures, using coarse-grained MD simulation and nonlinear 

machine learning [39]. Folding of these PACs was demonstrated to depend on the molecular 
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structure, for example, extended (unfolded) configuration was energetically favorable for a model 

with two linearly connected PA cores and a model with three mutually connected PA cores, 

whereas a model that contained three linearly connected PA cores showed a complex free energy 

landscape that was concentration dependent [39]. Although different concentrations were 

simulated, mechanistically how the folding of individual molecules was impacted by aggregation 

was not addressed. 

Based on the state of the literature, the present work investigated the folding of multi-core PACs 

and for the first time, addressed the relationship between folding and aggregation. Three 

commonly used solvents were applied: water (polar), heptane (aliphatic) and toluene (aromatic), 

to examine the potential effect of solvent. In addition, single-core PACs were introduced to study 

the impact of heteroaggregation on the folding of multi-core PACs. Our work contributed to the 

fundamental understanding of molecules in a colloidal system which are simultaneously 

susceptible to intramolecular conformational changes and intermolecular aggregation. The results 

illustrated the connections between the intra- and intermolecular behaviors, as well as the impact 

of surrounding environment (i.e., solvent), which may provide insights into the investigation of 

other complex colloidal systems.

2. Method 

2.1 Models and systems 

Two molecular models were constructed to represent multi-core and single-core PACs, 

respectively, and their chemical structures are shown in Fig. 1. The multi-core PAC is a 

hypothetical model that contains three aromatic cores connected by short aliphatic chains (Fig. 

1a), which will be hereafter referred to as model “M”. The initial structure of model M was drawn 
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in ChemDraw Prime 16.0. The geometry of the entire molecule was optimized using Gaussian16 

[40] at B3LYP/3-31G + (d,p) level [41], and then submitted to Automated Topology Builder (ATB) 

[42,43] to produce the topology compatible with the GROMOS96 [44–46] united-atom force field. 

The partial atomic charges were calculated using Gaussian16 at B3LYP/6-31G + (d,p) level  with 

CHELPG (CHarges from ELectrostatic Potentials using a Grid based method) [47–50], and 

manually assigned to the topology generated from ATB [8,51,52]. This procedure of developing 

the force field parameters is well-established and used extensively in the literature [41–43,47–50]. 

The creation of model M originated from a chemical structure proposed by Nexen Energy ULC to 

represent pentane-insoluble asphaltenes [53,54] in Athabasca bitumen. MD simulations were 

performed to calculate the density of M molecules in solid state and size of their aggregates in 

organic solvents, which compared well with experimental study of asphaltene samples (see 

Supporting Information (SI) Section SI1 for details). However, it should be emphasized that it is 

not the purpose of the present work to determine the quality of model M in representing asphaltenes, 

which is still highly debated. Rather, our focus is to investigate its folding and the interplay 

between folding and aggregation. The single-core PAC (Fig. 1b) is based on the compound 

Violanthrone-79 (VO-79), and will be hereafter referred to as model “S”. This model has been 

simulated in the past and its force field parameters were directly adopted [65,66].
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Figure 1. Molecular structure of (a) model M; and (b) model S. 

Three types of solvents were selected to study folding and aggregation of PACs in colloidal 

systems. The first is water since PACs are common water contaminants and their behaviors in 

aqueous solution are of wide interest [55–57]. The other two are organic solvents, respectively 

aliphatic (heptane) and aromatic (toluene) in nature. They were chosen because like most of the 

PACs, the models in Fig. 1 contain both aromatic and aliphatic units. In fact, heptane and toluene 

have both been extensively used as solvents for PACs [58–64]. SPC model was used for water, 

while force field parameters for heptane and toluene were adopted from previous publications of 

Lan et al. [65,66] from our group.

A single model M molecule was solvated in water, heptane and toluene respectively, which 

formed systems 1, 2 and 3 as shown in Table 1. Solutions containing multiple M molecules were 

simulated as systems 4, 5 and 6 respectively in water, heptane and toluene. A mixture of M and S 

molecules were also simulated in water, heptane and toluene (systems 7, 8 and 9). 

core1

cor
e2

core3
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Table 1. Details of simulated systems

sys. # of M # of S solvent # of solvent molecules initial box length (nm)
1 1 0 water 7039 6
2 1 0 heptane 1063 6
3 1 0 toluene 1132 6
4 12 0 water 56786 12
5 12 0 heptane 8450 12
6 12 0 toluene 9920 12
7 6 18 water 56542 12
8 6 18 heptane 8500 12
9 6 18 toluene 9793 12

2.2 Simulation details 

All simulations were performed using GROMACS package [46,67–69] (version 5.0.7) with 

GROMOS 96 force field 53A6 parameter sets [70]. Each system first underwent a static structure 

optimization via energy minimization. Then, NVT simulation was carried out for 100 ps where 

non-hydrogen atoms of the model PAC molecules were restrained by a harmonic potential with 

constant 1000 kJ/(mol·nm2). The restraint was removed and full dynamics simulation was carried 

out in NPT ensemble at 300 K and 1 bar. The pressure was controlled by Parrinello-Rahman 

barostat and the temperature was controlled by velocity rescaling thermostat. LINCS algorithm 

and Particle Mesh Ewald method for full electrostatics [71] were applied. The cut-off for non-

bonded (van der Waals and electrostatic) interactions was set to 1.4 nm. Periodic boundary 

conditions were applied in all directions. All simulations had a time step of 2 fs and simulation 

time of 60 ns. 

3. Results and discussion

3.1 Folding of a single M molecule 
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Systems 1 to 3 examine the conformation changes of a single M molecule in the three solvents. 

From the root-mean-square deviation (RMSD) of the molecule (SI Section SI2), in the last 50 ns, 

configuration of the single M molecule became relatively stable in water, while the molecule in 

heptane or toluene underwent more dynamic but reversible conformational changes. Data in the 

last 50 ns representing dynamic equilibrium were analyzed. Because the interconnecting chains in 

the M molecule allow for internal degree of freedom, it was observed that sometimes during the 

simulation trajectory, two aromatic cores within the molecule could approach each other and 

exhibit stacking or parallel alignment. An example for such a configuration is shown in Fig. 2a 

and 2b. The aromatic cores may also stay un-stacked, as shown in Fig. 2c and 2d. Dynamic 

conversion between the two types of configurations, i.e., folding and unfolding of the molecule, 

was observed.

In order to quantify folding and unfolding, the distance (D) between the centers of geometry 

(COGs) of core1 and core2 (see Figure 1a for definition) was calculated, along with the angle (θ) 

between the two cores. As shown in Fig. 1a, core1 contains 6 aromatic rings, core2 contains 2 

aromatic rings, whereas core3 only has one aromatic ring. It is therefore expected that among the 

three cores, the interaction between core1 and core2 is the strongest and plays dominant role in 

folding. This was confirmed by the generally larger distance between core3 and core1 than that 

between core2 and core1 (see SI, Section SI3 for details). To calculate D and θ, each core was 

approximated by a plane defined by three atoms, two carbon atoms shown in cyan and one sulfur 

shown in yellow in Fig. 2. The COG of these three atoms was calculated to represent the COG of 

each core. θ was calculated as the angle between the positive normal of the two planes. Therefore, 

when θ is close to 0 or 180 the two cores are nearly parallel to each other (see SI, Section SI4 for 

more details). In Fig. 2c-d, D = 1.0 nm and θ = 137, whereas in Fig. 2a-b, D = 0.4 nm and θ = 
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173. The reduction in separation along with θ approaching 180 is an indication of stacking 

between the two cores, i.e., folding of the molecule. 

(a) Folded configuration (top view) (c) Unfolded configuration (top view)

(b) Folded configuration (side view) (d) Unfolded configuration (side view)

Figure 2. Left panel: a representative folded configuration of the M molecule in toluene (a) top 

view, (b) side view. Right panel: a representative unfolded configuration for the same molecule 

(c) top view, (d) side view. Distance between core1 and core2 are indicated in (b) and (c), and 

three atoms defining the plane of each core are highlighted in each subfigure. 

D and θ values were collected along the simulation trajectory for the last 50 ns (one data every 

10 ps, 5000 data points in total) and plotted against each other in Fig. 3. For D, the data naturally 

separates into groups that are either slightly smaller than 0.55 nm, or greater than 0.55 nm. For θ, 

separation of data can be observed at around 140. As stated earlier, angles close to 180 or 0 

represent nearly parallel stacking of core1 and core2. Considering symmetry, in this work the 

1.0 nm

0.4 nm
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molecule will be defined to be in a folded state when D ≤ 0.55 nm and θ is either <40 or >140. 

If D ≤ 0.55 nm but θ is between 40 and 140, the two cores have close contact but are not parallel, 

and we describe the molecule as being in a partially folded state. The molecule is in an unfolded 

state if D > 0.55 nm. Further explanation on using 0.55 nm as the criterion is given in Supporting 

Information Section SI5. 

In water, Fig. 3a shows two distinct bands for the collected data (highlighted by black lines): 

one with D slightly below 0.75 nm and θ in the range of 20 to 100, representing the unfolded 

state; and the other with D slightly below 0.55 nm and θ in the range of 140 to 180, representing 

the folded state. There is a clear gap between θ = 100 and θ = 140 where few data points exist, 

suggesting an energy barrier for the transition between folded and unfolded states. Additional 

evidence for this barrier is shown in SI (Section SI6) where the molecule stayed in the unfolded 

state for the first 56 ns, then became folded and stayed in such state for the rest of the simulation. 

The folded configuration is favored by the π−π interaction between the hydrophobic PA cores, 

while the unfolded configuration is favored by the release of stress in the linkers connecting the 

cores as well as the entropy gain from the dissociation of cores. Dynamic motion of the small water 

molecules also tends to destabilize the folded configuration of a single molecule. Consequently, 

the M molecule spends the majority of the time in the unfolded state. 

In heptane, as shown in Fig. 3b, a band near θ = 180 (highlighted by black line) can be 

recognized as the molecule being in the folded state. This band is continuous with another band 

(highlighted by another black line) where D =~0.55 nm and θ is between 50 and 140, 

corresponding to partially folded state. There are also considerable amounts of data for the folded 

state near θ = 0. Compared with water, data corresponding to the unfolded state do not form a 

narrow band. Instead, there is a cloud-like distribution spanning a large range of D (from 0.55 nm 
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to 1 nm). The molecule shows much more flexibility in heptane, which can also be seen from the 

larger fluctuations in θ (SI, Section SI6) along the simulation trajectory. Data in toluene (Fig. 3c) 

exhibit similar features as in heptane, except that partial folding of the molecule is almost absent. 

The lack of partial folding could be caused by the interaction between the aromatic cores of toluene 

and PA cores on the M molecule, which tends to destabilize a partially folded configuration.

Figure 3. Distance D between COGs of core1 and core2 versus angle  between the two cores. 

Data are from simulations of a single M molecule in (a) water, (b) heptane and (c) toluene. 

Based on the criteria introduced above, the numbers of folded, unfolded and partially folded 

states were counted from the 5000 frames in the last 50 ns of the simulations, from which the 

probability of each state was calculated, as shown in Table 2. The free energy change from state 1 

to state 2 was then be estimated from [72]:
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(1)∆𝐺 =  G(2) ‒ G(1) =  ‒ kTln[𝑃2/𝑃1]

where k = 1.38×10−23 J/K is the Boltzmann constant, T = 300 K is the simulation temperature, P2 

is the probability for one M molecule to be in state 2, and P1 is the corresponding probability in 

state 1. Table 2 also shows  for the transition from unfolded to partially folded states, and from ∆𝐺

unfolded to folded states.  in water (system 1) has greater values than those in heptane (system ∆𝐺

2) and toluene (system 3), confirming the larger energy barrier for the M molecule to transit from 

unfolded to folded states in water as discussed in Fig. 3.

Table 2. Probabilities that one M molecule is in unfolded, partially folded and folded states, as 

well as the free energy change estimated from the probabilities. 

probability (%) free energy change (kJ/mol)
sys. solvent

unfolded
partially 
folded

folded
unfolded to 

partially folded
unfolded to 

folded
1 water 91.1 0.9 8.0 11.5 6.1
2 heptane 50.5 15.1 34.4 3.0 1.0
3 toluene 61.4 3.1 35.4 7.4 1.4
4 water 27.1 16.7 56.2 1.2 -1.8
5 heptane 58.8 10.0 31.2 4.4 1.6
6 toluene 61.7 14.3 24.0 3.6 2.4
7 water 78.9 2.6 18.5 8.5 3.6
8 heptane 87.4 6.4 6.1 6.5 6.6
9 toluene 65.3 15.7 19.1 3.6 3.1

The above results show that compared with in heptane and toluene, the M molecule is less 

flexible in water, has lower probability of being in the folded state and is more likely to be “locked” 

in the unfolded state due to the energy barrier. Acevedo et al. [37] hypothesized that multi-core 

PAC molecules would unfold in very good solvents due to solute-solvent affinity. The aromatic 

nature of toluene usually renders itself as a better solvent than water for PAC molecules. However, 
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the M molecule in our simulations exhibited more likelihood to be unfolded in water than in 

toluene, which seems contradictory to Acevedo et al.’s hypothesis. One reason is that water can 

interact with the carboxyl group on the M molecule (evidence in SI Section SI7) which suppresses 

folding. More importantly, Acevedo et al. considered a PAC solution, not a single PAC molecule 

as discussed in this section. The folding behaviors of multiple molecules in a solution will be 

studied next to reveal the relations between folding, flexibility and solubility. 

3.2 Folding under homoaggregation 

The number of molecules in the largest aggregate for systems with 12 M molecules is shown in 

Fig. 4a, for the last 10 ns of the simulations. The cut-off minimum distance for two molecules to 

be considered in an aggregate was set to be 0.35 nm (see SI Section SI8 for detailed explanation 

on this criterion). A large stable aggregate containing 6 molecules was formed in water, which did 

not change its size in the last 10 ns. The size of the largest aggregate in heptane fluctuated between 

2 and 4 molecules, with an average of 2.6. In toluene, the largest aggregate had up to 3 molecules 

(average 1.8) and its fluctuation was more frequent. The solubility of M molecules is clearly lowest 

in water and slightly higher in toluene than in heptane. Snapshots of the largest aggregate in the 

three solvents are shown in Fig. 4b-d. It should be pointed out that all the 4 molecules in heptane 

and all the 3 molecules in toluene are shown in the snapshots, although as seen in Fig. 4a some of 

them detached from the largest aggregates during the simulation. The largest aggregate in water 

(Fig. 4b) had a spherical shape and the carboxyl tails were located at the surface of the aggregate. 

In heptane (Fig. 4c), close contact between carboxyl groups was observed in the aggregate, as 

highlighted by black circles. In toluene (Fig. 4d), the three molecules were considered forming an 
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aggregate based on the minimum distances between them. However, the structure of the aggregate 

was very loose, and there was no clear evidence for the association of PA cores or carboxyl groups. 

Figure 4. (a) Number of molecules in the largest aggregates over the last 10 ns, for systems with 

12 M molecules in water, toluene and heptane. Snapshots of the largest aggregate for systems in 

(b) water, (d) heptane and (d) toluene. 

To investigate the roles of PA cores and carboxyl tails in the aggregation, radial distribution 

functions (RDFs) between PA cores and carboxyl groups are plotted in Fig. 5a and 5b respectively. 

RDFs in Fig. 5a were calculated for the COG distance between core1 (see Fig. 1a for its definition) 

of any two M molecules. Compared with core2 which has 2 aromatic rings, core1 contains 6 rings 

and is dominant in the π−π interaction between two molecules. To obtain the RDFs in Fig. 5b, 

(b) (d)

(c)(a)
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each carboxyl group was represented by the COG of its two oxygen atoms. Results for the system 

in water are shown as red curve in Fig. 5a and 5b. In Fig. 5a, the first and most prominent peak is 

located at 0.8 nm, which corresponds to a T-shaped stacking where the two cores are nearly 

perpendicular (see a snapshot in SI Section SI9). In water, there is no evidence of association 

between carboxyl groups as the curve stays close to zero in Fig. 5b. This is consistent with the fact 

that the carboxyl groups were located at the outer surface of the sphere-like aggregate (Fig. 4b) 

with large separation between them. The curve (blue) for heptane in Fig. 5a has a distinct peak at 

~1.0 nm. Meanwhile the RDF for the carboxyl groups in Fig. 5b has its first peak located at a much 

closer distance (~0.28 nm). The result implies that hydrogen bonding between the carboxyl groups 

made dominant contribution to the aggregation of M molecules in heptane, whereas the interaction 

between PA cores was limited at close proximity (see a snapshot in SI Section SI9). For toluene 

(yellow curve in Fig. 5a), there is no obvious peak in the RDF of PA cores. There is a peak in the 

RDF of the carboxyl groups at a similar location (~ 0.28 nm) to heptane, but the peak value is 

much smaller. The results suggest that the aggregation of the M molecules in toluene is driven 

mainly by interaction between carboxyl groups. Interaction between cores is weak, and as such the 

formed structure is looser compared with those in water and heptane, as seen in Fig. 4d.  
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Figure 5. (a) RDFs for the COG distance between core1 (see Fig. 1a for its definition) of any two 

M molecules; (b) RDFs for the distance between the carboxyl groups of any two M molecules, 

where each carboxyl group is represented by the COG of the two oxygen atoms. Data are for 

systems with 12 M molecules and different curves in each subfigure correspond to different 

solvents (water, toluene and heptane). 

Folding behavior of the molecules in the largest aggregates was investigated and shown in Fig. 

6. D and θ values were collected along the simulation trajectory for the last 50 ns and plotted 

against each other. Each subplot corresponds to one molecule. In water, there were 6 molecules in 

the largest aggregates, labeled as W1 to W6. All 4 molecules in heptane and 3 molecules in toluene 

shown in Fig. 4c-d were analyzed in Fig. 6. They were labeled as H1 to H4 in heptane, and T1 to 

T3 in toluene. Among the 6 molecules in water, W2, W3, W4 were mainly in the folded state, and 

W6 was mainly in the partially folded state. With all of their D values close to 0.55 nm, these 

molecules had almost zero probability of being in the unfolded state. On the contrary, W5 was 

exclusively in the unfolded state. Only W1 exhibited both folded and unfolded states throughout 

the simulation.  for the transition between states is shown in Table S2 (SI Section SI10) for ∆𝐺

these 6 individual molecules, while the overall  determined from probabilities using data for all ∆𝐺

(a) (b)
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6 molecules is given in Table 2. As described in Fig. 3, there was an energy barrier for a single M 

molecule in water to switch between folded and unfolded states. With the presence of multiple 

molecules, it was still difficult for individual M molecules to overcome this barrier (see SI Section 

SI10 for details), and the transition was lacking for 5 out of the 6 molecules in the largest aggregate. 

Upon homoaggregation, the internal motions of the molecules within were further restricted, and 

the molecules were more likely to be “locked” in one of the configuration states. Another 

interesting observation, from the comparison of Fig. 6 with Fig. 3, is that when a single M molecule 

was in water the unfolded state was preferred, while in an aggregate the folded state was dominant. 

This can also be seen in Table 2 where the averaged  from unfolded to folded states is positive ∆𝐺

for system 1 but negative for system 4. The interactions between the M molecules significantly 

altered the folding behavior of individual molecules in water. The situation is different in heptane, 

where the D-θ distributions in Fig. 6 are similar to those shown in Fig. 3 and aggregation did not 

introduce significant alteration of the folding behaviors.  values in Table 2 further confirm this, ∆𝐺

showing similar magnitude for systems 2 and 5. Influence of aggregation on folding was also small 

in toluene, but partial folding which was lacking in Fig. 3 can now be observed for all the molecules 

in the largest aggregate. Consequently, system 6 has a smaller  from unfolded to partially folded ∆𝐺

states compared to system 3, as shown in Table 2.
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Figure 6. Distance between COGs of core1 and core2 versus angle between the two cores. Data 

are for individual M molecules in the largest aggregate in water (W1~W6), heptane (H1~H4), and 

toluene (T1~T3). 

A closer look at the interactions between polyaromatic cores and between carboxyl groups (Fig. 

5) allows us to further investigate the relation between homoaggregation and folding. In water, the 

hydrophobic polyaromatic cores repelled water while interacting strongly within the aggregate 

(Fig. 5a). The tendency to form a compact structure that minimizes core-water interaction and 

maximizes carboxyl tail-water interaction enhanced folding, changing the dominant configuration 

from unfolded (for a single molecule) to folded (for molecules in the aggregate). In heptane, the 

aggregation was achieved mainly through the strong carboxyl-carboxyl association (Fig. 5b). 
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Core-core interactions were not strong enough to have significant contribution to the aggregation. 

Such interactions left the molecules in the aggregate with sufficient flexibility to switch between 

the folded and unfolded configurations. In toluene, the core-core interactions were almost absent 

and the carboxyl-carboxyl interactions were much weaker than in heptane as seen in Fig. 5. Such 

weak interactions also allowed the molecules to be flexible and easily switch between folded and 

unfolded states. On the other hand, the presence of interactions between multiple M molecules, 

although small, could still shield some interaction between M molecules and toluene so that 

partially folded configurations could be stabilized. As discussed in Section 3.1, a single M 

molecule unfolded more in water than in toluene, whereas Acevedo et al. [37] hypothesized that 

multi-core PAC molecules tended to unfold in good solvent. Here we see that when multiple M 

molecules were present in water, their folding behavior was significantly altered, with folded 

configuration being dominant. The molecules in toluene did not experience such a change, and 

more unfolding is now observed in “good” solvent (toluene) than in “bad” solvent (water), 

consistent with the hypothesis of Acevedo et al. [37]. Our results not only demonstrate the effects 

of solvent on the folding of multi-core PACs (see SI Section SI11 for a comparison to folding of 

multi-core PACs in vacuum), but also highlight the dependence of such effects on the aggregated 

state of the PAC molecules. 

3.3 Folding under heteroaggregation

Since single-core PACs are more prone to aggregation than multi-core PACs, simulations were 

performed to investigate the effect of adding model S molecules on aggregation, and consequently 

on the folding of M molecules. Fig. 7 shows the number of molecules in the largest aggregate in 

systems with a mixture of 6 M molecules and 18 S molecules. In water, all the PAC molecules 
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formed a single large aggregate, which was stable in the last 10 ns of the simulation. There were 

much more molecules in the largest aggregate in heptane (average 7.1) than in toluene (average 

2.5), in agreement with the distinct solubility of single-core PACs in toluene and in heptane [73,74]. 

Near the end of the simulations, the largest aggregate in heptane contained 1 M and 5 S molecules, 

while the largest aggregate in toluene contained 1 M and 1 S molecules. 

Figure 7. Number of molecules in the largest aggregate of systems containing 6 M molecules and 

18 S molecules during the last 10 ns. 

D-θ distributions for the M molecules in the largest aggregates are plotted in Fig. 8. In water, 

W1 to W3 were mainly in the unfolded state (over 89% probability, see SI Section SI10), whereas 

W4 to W6 had 19.7% to 52.6% of probability to be in the folded states as shown in SI10. The 

presence of both folded and unfolded states for 3 out of the 6 molecules (W4, W5, W6), as 

compared to only 1 out of the 6 molecules in Fig. 6, suggests that the M molecules in system 7 

were more flexible than those in system 4 which contained only M molecules. Normally, higher 

flexibility and larger conformation change of individual molecules are detrimental to the stability 

of aggregation. However, the aggregate in water was large and very stable here due to the presence 

of S molecules, which dictates the dominating role of S molecules in the heteroaggregation. In 
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fact, the folding characteristics of the M molecules was altered by the aggregation driven by S 

molecules. Unlike in system 4, the folded state was no longer preferred in system 7, and  from ∆G

unfolded to folded states was positive as shown in Table 2. The S molecules also influenced the 

behavior of M molecules in heptane. Firstly, the interaction between M molecules was suppressed 

and there was only one M molecule in the largest aggregate. Secondly, unlike in system 5 where 

the M molecules had frequent transitions between folded and unfolded states, the M molecule in 

the largest aggregate in system 8 was almost exclusively in the unfolded state, which had large  ∆G

values for the transition out of the unfolded state (Table 2). The interactions between M and S 

molecules reduced the flexibility of the M molecule, which favored aggregation. Different from 

that in water and heptane, when S molecules were introduced to toluene, no significant changes 

were observed for the folding behavior of the M molecules in the aggregates.  from unfolded ∆G

state to folded or partially folded states were similar between systems 9 and system 6, as shown in 

Table 2. This can be understood by comparing the degree of homoaggregation (Fig. 4) with that 

of heteroaggregation (Fig. 7). While the presence of S molecules significantly changed the degree 

of aggregation in water and in heptane, their influence on the aggregation in toluene was minor. 

Our findings therefore underline the significant interplay between aggregation and folding. 

While previous studies observed self-stacking of multi-core PACs as they aggregate [37,38], 

the only in-depth investigation on the intramolecular conformational changes of this type of 

molecules was provided by Wang et al. [39], where a mechanistic connection between aggregation 

and folding was still absent. Our work, for the first time, compared the folding behaviors of multi-

core PACs in isolation vs. in aggregated states, and addressed the effect of aggregation on folding. 

Homoaggregation and heteroaggregation had different effects, as well changing the type of 
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solvents led to different folding characteristics within the aggregates, which was not studied in 

previous literatures.

Figure 8. Distance between COGs of core1 and core2 versus angle between the two cores. Data 

are for individual M molecules in the largest aggregate in systems with a mixture of M and S 

molecules: in water (W1 to W6), in heptane (H1) and in toluene (T1). 

4. Conclusion 

This work investigated the folding and aggregation of multi-core polycyclic aromatic 

compounds (PAC). Solvent was shown to have a strong influence on the structural flexibility of 

the multi-core PAC molecules. In water, a single dispersed multi-core PAC molecule had small 
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internal flexibility, evidenced by an energy barrier separating folded and unfolded states. The 

unfolded configuration was dominant and the molecule had a high probability of being “locked” 

in such a state. When several multi-core PAC molecules were in water and aggregated, the folded 

state replaced the unfolded state to become dominant, due to the tendency to form a compact 

structure where the exposure of polyaromatic cores to water was minimized. Introduction of 

single-core PAC molecules further changed the folding characteristics of multi-core PAC 

molecules in water due to heteroaggregation. The flexibility of the multi-core PAC molecules was 

enhanced, and there was more frequent exchange between the folded and unfolded states. In both 

heptane and toluene, the multi-core PAC molecules were flexible and could easily switch between 

folded and unfolded states, whether they were dispersed as individual molecules, or in aggregated 

form. Single-core PAC molecules also altered the folding behavior of multi-core PAC molecules 

in heptane, making them less flexible, while such effect was not seen in toluene.

Supporting information

Density of M molecules and size for the aggregates (Section SI1); RMSD for a single M molecule 

(Section SI2); interactions between core1 and core3 (Section SI3); additional discussion on the 

folded configurations (Section SI4); cut-off distance for folding states (Section SI5); evolution of 

angle between core1 and core2 (Section SI6); interaction between M molecule and solvents 

(Section SI7); cut-off distance for aggregation (Section SI8); snapshots of association (Section 

SI9); free energy change for each M molecule in water (Section SI10); folding of M molecules in 

vacuum (Section SI11). 
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