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Anticooperative self-assembly of perylene diimide
dyes in water unveiled by advanced molecular
dynamics simulations
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The self-assembly mechanism and the dynamics in water of n-stacked columnar aggregates of N,N-bis
(2-(trimethylammonium)ethylene)perylene-3,4,9,10-tetracarboxylic acid bis-imide (PDI) have been inves-
tigated using classical molecular dynamics (MD) simulations based on an accurate quantum mechanically
derived force field. Nano-scale aggregates composed of up to twelve monomers were studied through a
combination of bottom-up and top-down approaches, complemented by enhanced sampling MD tech-
niques. Our simulations provide unprecedented atomistic information on the anti-cooperative aggrega-
tion mechanism, consistent with experimental findings for PDIs with bulky imide substituents. Umbrella
sampling simulations coupled with in-depth thermodynamic analysis reveal, indeed, that entropic contri-
butions dominate the aggregation process, resulting in a non-linear growth mechanism that saturates
with increasing aggregate size. Replica exchange MD runs confirm that experimental properties of these
systems can be effectively described considering species up to tetramers or hexamers. Although larger
aggregates may form, they represent only a minor fraction of the observed species. The stability and
dynamics of PDI aggregates in water were further analyzed by means of specific geometric supramolecu-
lar descriptors designed to capture relative monomer motions. This analysis indicates that dimers, rather
than monomers, act as the primary building blocks, with even-numbered aggregates behaving like
strongly-bound interacting dimers. Monitoring water structure around PDI aggregates unveils a rather
complex scenario, where the hydration of charged side chains is persistent across all aggregate sizes,
while steric shielding within ©—x stacks progressively reduces core solvation, though carbonyl oxygens
maintain hydrogen-bond interactions with water. Analysis of hydrogen-bond statistics confirms a gradual
decrease in solvation per monomer with aggregation, reaching a plateau at larger stack sizes.
Complementary dynamical investigations demonstrated that water expulsion does not follow a simple
concerted process, but instead proceeds through partially solvated intermediates reflecting the energetic
cost of disrupting interfacial hydrogen bonding. Together, these findings highlight the critical entropic
role of solvent reorganization in driving aggregation and may provide mechanistic insights relevant for
optimizing photocatalytic activity through rational monomer design.

1. Introduction

Over the past few decades, the self-assembly of polycyclic aro-
matic molecules via non-covalent interactions to form func-
tional supramolecular nanostructures has opened new and

E-mail: mariachiara.pastore@univ-lorraine.fr

sz'partimento di Biotecnologie, Chimica e Farmacia, Universita degli Studi di Siena,
Via A. Moro 2, 53100 Siena, Italy

“Center for Advanced Reaction Dynamics, Institute for Basic Science (IBS), Daejeon
34141, Republic of Korea

“Department of Chemistry and KI for the BioCentury, Korea Advanced Institute of
Science and Technology (KAIST), Daejeon, Republic of Korea

“Institute of Chemistry of OrganoMetallic Compounds, National Research Council
(ICCOM-CNR), I-56124 Pisa, Italy. E-mail: giacomo.prampolini@pi.iccom.cnr.it

23626 | Nanoscale, 2025, 17, 23626-23641

promising avenues in the field of materials chemistry. In this
context, perylene diimide (PDI) and its derivatives are widely
employed”™” due to their excellent chemical stability, intense
optical  absorption, and efficient charge transport
capabilities.®* " PDI-based materials have found successful
technological applications in biomedicine,"*** as well as in
organic electronics,""*™° including organic light-emitting
diodes (OLEDs),*® organic field-effect transistors (OFETs),>"
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organic photovoltaic (OPV) cells, and photocatalysis.
The great interest in PDI aggregates and their unique charac-
teristics stems from their stiff planar backbone and extended
conjugated core, which strongly favor intermolecular n-x inter-
actions, leading to the formation of columnar-like one-dimen-
sional nanostructures.>?” The optoelectronic and packing pro-
perties of such PDI aggregates can be finely tuned by
functionalization at the imide, bay, and ortho carbon atom
positions.?*° Specifically, imide substitutions influence self-
assembly behavior independently of the intrinsic opto-
electronic properties of the perylene core, providing an
effective strategy for controlling the morphology, the type (J, H)
and the mechanisms of aggregation. By exploiting covalent
linking as well as a complex interplay of hydrophilic, hydro-
phobic, n-r and hydrogen bond (HB) interactions and metal-
coordination, indeed, a large variety of supramolecular PDI
aggregates, with peculiar structural, optical, redox and charge
transport  properties, have been reported in the
literature.>”*"™*> In a more general context, three principal
models have been proposed to describe supramolecular
growth mechanisms: (i) isodesmic, where the binding strength
remains constant regardless of aggregate size (i.e., nucleation
and elongation equilibria are indistinguishable); (ii) coopera-
tive, where the binding strength increases as the aggregate size
increases (i.e., elongation equilibria are more favorable than
nucleation equilibria); and (iii) anti-cooperative, where the
binding strength decreases as the aggregate size increases (i.e.,
elongation is less thermodynamically favored than
nucleation).*®

Recent works have revealed that achieving fine-tuned mor-
phological, optoelectronic, and charge transport properties
requires coupling molecular design of standalone dyes with
precise knowledge of the self-assembly mechanism as a func-
tion of temperature and environmental factors, such as solvent
mixture and pH.*’”>' From this perspective, it is crucial to
achieve a molecular-level understanding of the driving forces
that govern self-assembly. In this context, the ability of atomis-
tic simulations to precisely characterize the geometrical
arrangements of individual monomeric units within a supra-
molecular system represents an important complement to
experimental techniques. These latter often lack spatial, tem-
poral, and energetic resolution, particularly when it comes to
resolving binding energies and distinguishing the subtle ener-
getic interplay between different molecular interaction
types.>>>* Additionally, the collection of configurational
ensembles, capable of representing with a reliable statistic the
detailed structure of such aggregates, also paves the way to an
accurate modeling of their optoelectronic properties.>®
Computational simulations, and in particular classical mole-
cular dynamics (MD), have been extensively applied to study
molecular packing in solid state and in solution, providing ato-
mistic insights into dynamics, disorder, and nonequilibrium
phenomena at the nanoscale.’*>® Due to the significant inter-
est in PDI-based materials, several MD-based investigations,
often combined with quantum chemical calculations and
experimental measurements, have been conducted to extract
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and predict the structural, thermodynamic, and optoelectronic
properties of their supramolecular aggregates.’”*>*77> The
reliability of MD simulations, however, is grounded in the
accuracy of the employed interatomic potentials, i.e., the force
fields (FFs). While standard FFs are usually considered accu-
rate for large biomolecules,”® most MD studies on supramole-
cular materials typically reoptimize an initial set of bonded
and nonbonded parameters extracted from general-purpose
transferable FFs (e.g., OPLS-AA, GAFF, GROMOS,
CHARMM).>*”7"83 A robust approach to improve FF accuracy is
to rely on quantum mechanical (QM) calculations to parame-
trize the classical FF model potential terms.®""**"8¢ This strat-
egy, while lacking in transferability, offers notable advantages
in terms of predictivity, chemical specificity, and reliability
under different thermodynamic conditions. These advantages
are significant when one aims to rationalize specific structure-
property relationships and predict supramolecular architec-
tures based on the monomeric molecular structure.
Nonetheless, such Quantum Mechanically Derived Force
Fields (QMD-FFs)*"®" have been mainly applied on homo-
geneous assemblies,>®"® where supramolecular aggregates
were built from a random arrangement of identical molecular
units.

When simulating self-assembling processes in solution,
two approaches can be employed: the aforementioned bottom-
up strategy, where the aggregate spontaneously assembles
from a random arrangement of monomers, or a top-down
scheme, where pre-stacked configurations are optimized, and
the packing dynamics are monitored. To achieve a robust
assessment of the stability and properties of supramolecular
aggregates in solution, both protocols should be followed, inte-
grating the information retrieved from each scheme. In fact,
while the top-down approach allows for the study of realistic,
large-sized aggregates, it may be biased by the chosen initial
conditions, partially trapping the system in metastable states,
due to insufficient sampling of the conformational space,
which is related to ergodic limitations. On the other side, a
bottom-up strategy may not guarantee to achieve a complete
self-assembly of large aggregates even after a simulation time
of hundreds of nanoseconds, due to similar constraints on
sampling. For this reason, enhanced sampling techniques
(e.g., umbrella sampling, steered MD, and replica exchange
MD) are often employed.®”

Here we report a detailed investigation of N,N-bis(2-(tri-
methylammonium)ethylene) perylene 3,4,9,10-tetracarboxylic
acid bis-imide (hereafter termed PDI, see Fig. 1) self-assembly

\ + (o] (0]
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.

Fig. 1 N,N-Bis(2-(trimethylammonium)ethylene) perylene 3,4,9,10-tet-
racarboxylic acid bis-imide (PDI).
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in water, providing insights into the formation and dynamics
of their 1D columnar aggregates, and thoroughly analyzing
their interaction with the solution environment. We rely on
extensive MD simulations, considering 3, 4, 8, and 12 mono-
meric units, based on an accurate QMD-FF***¢ previously
developed by some of us and applied to study the optical pro-
perties of PDI monomers and dimers.”>®® A bottom-up
approach was adopted for the smallest systems, while results
for pre-stacked (top-down scheme) 8- and 12-monomeric
systems were complemented with enhanced sampling simu-
lations. Umbrella sampling calculations and a detailed
thermodynamic analysis revealed that the aggregation process
is entropically driven and follows a non-linear trend, with sat-
uration observed as the aggregate size increases. This behavior
is indicative of an anti-cooperative mechanism that disfavors
the formation of large supramolecular assemblies. This was
confirmed by additional replica exchange MD runs, which
indicate that only relatively small aggregates, composed by up
to seven units, are likely to self-assemble, whereas larger struc-
tures were less likely to form.

Detailed information on the dynamics of the PDI units
within the supramolecular systems, as well as on their collec-
tive dynamics, was obtained defining a comprehensive set of
geometrical supramolecular descriptors and analyzing their
evolution and correlations throughout MD simulations of
different aggregate models. Note that similar approaches,
although based on smaller sets of geometrical parameters,
have been previously proposed to correlate optical and charge
transport properties to structural features of mn-m stacks of
PDIL.%*% The proposed structural analysis protocol utilizes geo-
metrical parameters to precisely track monomer motion
within aggregates. When complemented by electronic struc-
ture, excited state dynamics, and optical property calculations,
it can provide detailed information on the structure-property
relationships in supramolecular systems.

The paper is structured as follows: Section 2 outlines the
computational details, Section 3 presents and discusses the
results, and Section 4 summarizes our findings. We highlight an
extended set of complementary data described in the SI, contain-
ing additional details about supramolecular descriptors, aggre-
gation theromdynamics and the role of solvent structure.

2. Computational details

2.1. Aggregate models and QMD-FF

We considered aggregates models composed of three (PDILy),
four (PDIL,), eight (PDIg) and twelve (PDI,;,) PDI molecules in
water, hereafter indicated as PDI,,@H,O and shown in Fig. S1.
A bottom-up approach was used to model self-assembly of the
smaller species (PDI; and PDI,), by starting MD simulations
from monomers being randomly distributed in solvated boxes
of 45° A%, containing 2976 and 2942 water molecules, respect-
ively. For the larger systems, as we could not observe complete
self-assembly within our simulation times (500 ns), and we
could not establish whether this observation describes the
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physical situation in detail or is affected by the limited simu-
lation time, we started from =n-stacked columnar aggregate
models,> in boxes of 95° A* and 120° A® filled with 32296, for
PDIg, and 56 358 water molecules, for PDI;,. To maintain
charge neutrality, 2 CI~ counterions were added for each PDI;
this choice assures internal coherence with MD simulations
previously performed for the PDI monomer®® and dimer
(PDI,).>> The MD trajectories on PDI,, previously studied in
ref. 55, are re-analyzed here, following the new protocol and
are used to evaluate the effect of system size on supramolecu-
lar dynamics. To observe spontaneous aggregation of the
larger PDI; and PDI;, aggregates, we instead decided to resort
to advanced sampling methods (see Section 2.3.2).

All intramolecular QMD-FF parameters employed here were
obtained following the JOYCE protocol®®® and DFT data pre-
viously obtained for the PDI monomer, and validated against
experimental spectra recorded in dilute solutions.®® For inter-
molecular terms, point charges were derived from the same DFT
density used for the JOYCE procedure and obtained using the
RESP protocol by the Antechamber suite,* while Lennard-Jones
(L]) parameters were transferred from OPLS.”® The accuracy of
intermolecular interactions was assessed in a previous work on
the dimer,” through comparison of stacking energy profiles with
ab initio reference data, as well as by successfully reproducing the
experimental spectra of both dilute and concentrated PDI solu-
tions. Water molecules were simulated with the TIP3P model,
while Cl~ parameters were taken from the OPLS force field.”

2.2. Molecular dynamics simulations

MD simulations were performed under periodic boundary con-
ditions using the GROMACS 5.1 engine.”’ The PDI,@H,0
systems were first minimized to avoid possible bad contacts and
then thermally equilibrated for 2 ns at 300 K in the NVT ensem-
ble. We then performed equilibration steps in the NPT ensemble
for 1 ns at 1 atm and 300 K with a time step of 1 fs, using the
LINCS®* algorithm to fix bond distances involving hydrogen
atoms. Subsequently, the production runs were computed differ-
ently depending on the size of the aggregate. MD production
runs for PDL,@H,0, PDI;@H,0 and PDI,@®@H,O were carried
out for 1 ps with a timestep of 1 fs at 300 K of temperature and 1
bar pressure. Conversely, for the larger PDIg@H,O and
PDI,,@H,0 systems, 500 ns trajectories with a timestep of 1 fs
were carried out. At the beginning of each production run, no
specific conformational constraint was imposed on the PDI
units, except for bond distances as in the equilibration steps.
Temperature and pressure coupling were described using the
Parrinello-Rahman and v-rescale schemes, with coupling con-
stants of 0.1 and 1 ps. For short-range interactions, a cutoff
radius of 11 A was set up, while long-range electrostatics was
accounted through the particle mesh Ewald (PME) procedure.
These settings were maintained in all MD runs, including
enhanced sampling simulations described in Section 2.3.

To conduct an in-depth structural analysis of the MD trajec-
tories for the smaller systems, we extracted 50000 confor-
mations equally spaced in time, with a frequency interval of
10 ps, from the last 500 ns of the trajectory. Only 5000 confor-
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mations were instead considered for the octamer and dodeca-
mer, whose trajectories were sampled considering intervals of
100 ps. Both sampling frequencies allowed us to get a detailed
and accurate representation of the motion of the PDI units
and of the interactions occurring within the aggregates.
Finally, we also investigated the solvent structure around the
columnar aggregates by computing the radial distribution
function (RDF) g(r), between selected atoms of the solute and
the surrounding solvent molecules.”® Additionally, we plotted
the three-dimensional solvent density distribution (SDF)
around relevant regions of the solvated aggregates, i.e. either
with respect to the PDI scaffold, or around the flexible chains.
In addition to RDF and SDF analyses, we quantified the
number of HBs formed between water molecules and the PDI
carbonyl oxygens as well as the side-chain nitrogens, also
monitoring the number of water molecules confined between
PDI cores during the self-aggregation process. These descrip-
tors capture how solute-solvent interactions evolve upon aggre-
gation, with full methodological details provided in Section D
of the SI, while the corresponding results are discussed in
Sections 3.1 and 3.3.

2.3. Enhanced sampling

2.3.1. Umbrella sampling simulations. The PDI self-assem-
bly mechanism was investigated using umbrella sampling (US)
simulations.”® The systems were initially energy-minimized
and equilibrated using the NVT and NPT ensembles to ensure
stability. To this aim, two to six PDI units were solvated and
equilibrated at atmospheric pressure and room temperature
through consecutive energy minimizations, NVT and NPT
runs. The equilibrated systems have box dimensions spacing
from ca. 40 x 40 x 60 A%, for the 2 PDI unit system, up to 40 x
40 x 80 A®, for the 6 PDI unit systems. The umbrella sampling
was applied to each equilibrated system, using the distance
between centres of mass (COM) of two cofacial PDI monomers
as reaction coordinate, applying a harmonic potential with
force constant of 1000 k] mol™ nm™ as a constraint. To
ensure proper sampling, independent umbrella sampling runs
were carried out for 10 ns in 200 configurations in 25 equidi-
stant windows, spanning the reaction coordinate range from
2.30 A to 15 A. All such calculations were run at constant
pressure and temperature. The final potential of mean force
(PMF) profiles were computed using the Weighted Histogram
Analysis Method (WHAM), as implemented in the GROMACS
software package®® by the wham module. The uncertainty
related to the PMF calculations was evaluated using a Bayesian
block bootstrapping technique,” performing 500 bootstrap-
ping iterations to ensure robust statistical analysis.

2.3.2. HREMD simulations. To investigate spontaneous
formation of larger stacks, we exploited advanced sampling
simulations, similarly to what recently reported in literature to
investigate aggregates of similar organic species.’®?’
Concretely, we resorted to Hamiltonian Replica Exchange MD
(HREMD), also carried out with the GROMACS software,”®
extending its capabilities through the open-source, commu-
nity-developed PLUMED library.”**°* HREMD runs were per-
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formed only for a system constituted by 48 PDI monomer
units in a water box. In HREMD simulations, non-bonded (L]
and charges) and torsional parameters of a (sub)system are
down-scaled in the various replicas, hence decreasing energy
barriers separating local minima, allowing for an exploration
of wider regions of the free energy surface. Roughly speaking,
a “selective heating” is applied to a specific portion of the
system that, in our case, is the solute (PDI units). A swap
between contiguous replicas is possible when their energies
are close enough, and a trajectory collects all visited nuclear
arrangements, which come from the different sets of para-
meters used in all the replicas. We used 16 replicas, with
effective temperatures between 300 K and 800 K, corres-
ponding to 4 = TT‘: (the scaling factor for non-bonded and tor-
sional parameters) between 0.375 and 1, following a geometric
distribution.®® For each replica, we ran a 465 ns simulation,
totaling 7.44 ps, and obtaining an exchange probability
between contiguous replicas between 10% and 40%, as rec-
ommended in literature.'®'*® Analysis of these simulations
was eventually carried out identifying pairs of PDI units whose
centers of mass are within 5 A from one another, and grouping
them into clusters of increasing dimensions.

2.4. Aggregation thermodynamics

To gain a deeper insight into the self-assembly process, we
further analyzed the US trajectories focusing on the thermo-
dynamics subtending the stack elongation. In this framework,
the aggregation enthalpy AH,g, was evaluated as the enthalpy
difference between the elongated stack and a matched refer-
ence, as discussed in detail in Section D of the SI. The corres-
ponding entropy term was then obtained from

TASaggr = AHger — AG,

where AG is the binding free energy derived from the US free-
energy profiles. To rationalize the origin of the enthalpic
trend, we further analysed it in terms of the stepwise process
that leads to the stack formation (see eqn (S3) and (S4)). To
this end, we decomposed the stepwise potential-energy change
into three contributions (Section D.2, eqn (S5)=(S7)): (i)
AEg. PP, describing intra-stack interactions between chromo-
phores, including both stabilizing n-n contacts and less favor-
able side-chain contacts; (ii) AEg ", associated with
solvent-solvent interactions, primarily reflecting the HBs
formed among water molecules released into the bulk; and
(il) AEq, "™, quantifying the change in solute-solvent inter-
actions and thus the loss of hydration upon stacking. In quali-
tative terms, both AE;R-*P' and AE " are stabilizing,
whereas AEanr‘ wat g strongly positive, reflecting the energetic
penalty of reduced solvation as discussed in Section 3.1 in
detail. Taken together, these opposing contributions establish
the enthalpic profile of column elongation, where the driving
force arises from a delicate balance between intra-stack stabi-
lization and solvent reorganization on the one hand, and the
loss of PDI-water interactions on the other.
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2.5. Descriptors of the supramolecular structure

An effective way to analyze the supramolecular structure and
dynamics of a PDI aggregate is in terms of geometrical
descriptors.”>’®”> As described in the following, in this work
we integrate the set of descriptors previously adopted by some
of us®® for PDI, with additional parameters to better describe
the self-assembly of larger aggregates.

As shown in (a) and (b) panels of Fig. 2, a molecular refer-
ence system is first assigned to each PDI unit k. The first two
axes, fi | and g, both lay on the aromatic scaffold, respect-
ively defining (see also Fig. S2 in SI) the PDI's long (||) and
short (s) axes, while the third one, @ ,, is defined as

ak,l = akVH X tlk,s (1)

and is hence perpendicular to the aromatic plane. Together
with the center of mass position of each unit (M), the three
reference axes U (x = ||, s, 1) were employed to define a col-
lection of supramolecular descriptors, aimed to analyze the

View Article Online
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structure of large PDI aggregates of Npp; (Npps = 2, 4, 8, 12), in
terms of dimer contributions. Hence, as displayed in Fig. 2c
and d, four positional (P , Rz , I_ékl,H and R’kl,s) and three
orientational supramolecular descriptors (e, yiq and yiq) were
defined for each dimer pair k,| within the aggregate, as
detailed in the following. Within this framework, the distance
vector gy between two PDI units k and 1 is computed as

P = Fch - F]SM (2)

As shown in Fig. 2e, to separately follow the stacking,
sliding and shifting motions of unit 1 with respect to k (see
also Fig. S3-S5), the displacements along the three molecular
reference axes are respectively defined as:

—

Rz = (P - i)l L (3)

Ry = (P - )t (4)

and

stacking sliding shifting

spinning
(yaw)

rolling
(roll)

tumbling
(pitch)

Fig. 2 Definition of the geometrical descriptors employed to describe PDI's supramolecular assembly. In top panels, the molecular reference
systems (0, and s, U, see also Fig. S2 in the Sl) are shown for PDI units k and | (green): (a) side view, (b) top view. In central panels, selected supra-
molecular descriptors are shown for the same units. (c) Inter-unit vector (5,), stacking vector (R’k.,n), rolling (yx) and tumbling angles (yk). (d) sliding
(ﬁkLH) and shifting (Ris) vectors and spinning angle (a). Bottom panels display the connection between each descriptor and the positional, (e), and
orientational, (f), supramolecular displacements (see also Fig. S3—S9 for more details).
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Rus = (P - lics) tcs (5)

Similarly, as displayed in Fig. 2f and reported in more
detail in Fig. S6-S8 in the SI, the rotational motion of each PDI
unit with respect to another can be decomposed in terms of
spinning, rolling and tumbling, and thus described by the
yaw, roll and pitch angles computed from the molecular
descriptors as:

aq = arccos (| - ) (6)

yi = arccos (x| - s) @)
and

vk = arccos (d 1 - ) ®)

Finally, to obtain a deeper insight on the relation of the
aggregate size with its stability, two additional descriptors
were included in the set: the columnar vector N and, for each
PDI unit k within the aggregate, the dephasing angle &y. As
shown in Fig. S9 in the SI, the former can be defined for each
considered aggregate as

N ZCM 7CM
N=FM —7 9)
while the latter is computed for each unit k as

8 = arccos (k1 - N) (10)

For the sake of clarity, Table 1 provides a summary of the
geometrical descriptors discussed thus far and illustrated in
Fig. 2 and S3-S8 in SI, along with their reference values
obtained by averaging over 5000 snapshots from the
PDL,@H,0 trajectory.>”

3. Results and discussion

3.1. PDI self-assembly

We first investigate the mechanism of PDI r-stacked self-
assembly in water by performing MD runs on smaller systems
(PDL,@H,0, PDI;@H,0 and PDI,@H,0), whose monomers
were randomly distributed in the simulation box and there-
after solvated with ~3 x 10> water molecules, corresponding to
concentrations (of the species PDI) of 0.036 M, 0.054 M, and
0.072 M, respectively.*>”

Table 1 List of the employed structural descriptors and their average
values computed for the a and b PDI units along the PDI,@H,O
trajectory®®

Descriptor Reference value
Pab (A) 4.1+0.3

Re, A) 2.9+0.5

Rep (A) 2.0 £0.7

R (A) 1.8+0.7

aap (°) 32+7

Yoo ° 90 5

¥ (°) 90 + 3

5, (°) 25 +10
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Aggregation was monitored evaluating the time evolution of
the intermolecular distance g, defined in eqn (2) (see Fig. 2),
hereafter referred to simply as p. The data shown in Fig. 3 indi-
cate for all systems the sequential formation of stable
n-aggregates within the considered timescale (50 ns). The
intermolecular distance between two neighboring units stabil-
izes in the range of 3.7 A < p < 3.9 A, consistently with the
expected experimental value for n-stacked systems.'®*'%® The
top panel of Fig. 3a indicates that, in PDI,@H,O, a dimer self-
assembles within 1 ns. In line with results of previous MD
simulations,®® where the spontaneous formation of trimeric
species was observed within 50 ns, addition of the third
monomer leads to stepwise aggregation, with the dimer assem-
bling in less than 2 ns and the third PDI unit joining the
aggregate after more than 30 ns (Fig. 3a, central panel). As
expected considering the increased concentration with respect
to the PDI;@H,O0 system, tetramer formation in PDI,@H,0 is
observed within 26 ns (see Fig. 3a, bottom panel). The latter
exhibits the same sequential assembly pathway, in which a
dimer forms within 1 ns, followed by the formation of a stable
trimer after approximately 7 ns. This result should hint at the
high chance that self-aggregation is occurring.

As described in the Methods Section, to tackle the self-assem-
bly of larger aggregates we resorted to enhanced sampling tech-
niques. First, we carried out US calculations, summarized in
Fig. 4a, which clearly indicate that the PDI self-assembly mecha-
nism exhibits saturation, where the binding free energy AG
stabilizes at an energetic plateau as the size of the aggregates
increases (see also Table 2). This finding points to a reduction of
the probability of the formation of very large aggregates, instead
suggesting that self-assembly occurs through an anti-cooperative
mechanism, as experimentally observed in cases where PDI
molecules bear sterically demanding substituents or when
strong H-bond interactions significantly favor dimer for-
mation.’®® Indeed, the values gathered in Table S1 in the SI,
confirm that the dimer is the species showing the strongest
interaction, with a calculated binding free energy AG of —46 kJ
mol ™, in line with results of previous reports.®*'”” As the
number of PDI units in the aggregate increases, AG steadily
decreases (absolute terms), as expected for bulky-substituted
PDIs.'%%'% For example, AG between a monomer aggregating
with a pentamer drops to —35.5 k] mol™" (see Table S1 and
Fig. 4a). As discussed in ref. 106, when dimerization is favored
over stepwise monomer addition in the formation of larger
aggregates, a predominance of even-numbered aggregates is
observed, as the dimer serves as the primary building block. The
calculated binding free energies listed in Table S1 support this
dimer-based aggregation mechanism. Specifically, PDI, for-
mation is favored through binding of two dimers (—40.0 kJ
mol ™) compared to addition of a monomer to PDI; (—38.0 k]
mol™"). Similarly, hexamer formation is more favorable when
PDI, is added to PDI,, compared to the aggregation of monomer
+ pentamer or PDI; + PDI;.

The thermodynamic analysis of the US trajectories,
reported in detail in Section D of the SI and summarized in
Table 2, shows that aggregation is enthalpically disfavored
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(see eqn (2)).

(AH,ger > 0) but proceeds thanks to a favorable entropy term
(TAS,ger > 0), mainly coming from the release of solvating
water molecules into the bulk.'*® For the sake of simplicity, we
focused on stepwise N — N + 1 aggregation events (dimer, tet-
ramer, hexamer), defined as the transformation of a reference
system consisting of an N-mer and a solvated monomer (Sx;m)
into the elongated stack Sy.;. In practice, this corresponds to
the addition of one monomer to a pre-formed stack or, in the
case of the dimer, to the association of two monomers. This
approach provides a qualitative yet representative picture of
the energetics governing column elongation, capturing the
essential balance of interactions even if not encompassing all
possible assembly pathways. As the stack grows, both the
enthalpic penalty and the entropy gain tend towards a plateau:
the former reflects the saturation of the interaction-energy
balance (see Table S7), while the latter mirrors the progress-
ively smaller number of interfacial waters released into the
bulk (Fig. S47 and S48). As a consequence, AG becomes nearly
size-independent, consistently with the free-energy saturation
reported in Fig. 4 (fit to ~-34.3 kJ mol™"). This leveling-off
implies that the driving force for elongation weakens with
aggregate size, rationalizing the anti-cooperative nature of the
self-assembly and the limited extension of the columnar
stacks.

23632 | Nanoscale, 2025, 17, 23626-23641

As the column length increases, each PDI unit establishes
progressively fewer HBs with the surrounding water molecules,
and this reduced hydration correlates with the increase of the
PDI-water contribution to the aggregation energy, which rises
from about 88 k] mol™" in the dimer to nearly 238 k] mol™" in
the hexamer. Such contribution is directly connected to the
progressive loss of hydration upon stacking, and is decisive in
determining the positive sign of the total potential energy
balance reported in eqn (S7). The effect of the reduced sol-
vation upon aggregation therefore has a two-fold impact on
the free energy of the assembly process: on the one hand, the
reduction of PDI-water interactions reflects the increasingly
unfavorable enthalpic contribution, on the other hand, with
fewer interfacial waters available, the entropy gain from their
release into bulk also decreases as the column elongates.

To confirm the US results, we complemented the above
information with HREMD simulations. The starting configur-
ation consisted in a previously equilibrated system containing
48 solvated PDI units, which could be identified as 13 mono-
mers, one self-assembled trimer and 16 dimers. Analysis of
HREMD trajectories from the 16 replica simulations reveals
the formation of aggregates containing up to 10 n-stacked PDI
units. Although it is possible that increasing solute concen-
tration in the simulation box, the length of these simulations,

This journal is © The Royal Society of Chemistry 2025
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Table 2 Aggregation enthalpy and entropy contributions to the total
binding free energy AG, computed for the self-assembled dimer, tetra-
mer, and hexamer aggregates. All values are reported in kJ mol™. For
tetramer and hexamer, both AH and AG were obtained by considering
the stepwise aggregation pathway derived from US MD simulations, as
detailed in Table S1. The uncertainty on TAS,yq was estimated by
summing the uncertainties on AH,qq, and AG

n AH, g0, TAS,ggr AG

2 40 = 32 86+ 34 -46+2
4 72+ 40 110 + 42 -38+2
6 86 + 46 122+ 48 -36+2

or sampling lower 4 values, even larger aggregates could be
obtained, it is clear from Fig. 4b that the probability of for-
mation of decamers is very low (below ~0.05% of the clusters
observed). Furthermore, species up to hexamers account for
~99% of all species observed in solution, with a majority of
monomers (~37%), dimers (~30%), trimers (~20%) and tetra-
mers (~10%). Examples of the largest aggregates obtained are
displayed in Fig. S10 in the SI. Since these results suggest that

This journal is © The Royal Society of Chemistry 2025
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observed experimental properties should be mainly attributed
to smaller assemblies, the search for larger aggregates was
deemed as not necessary, hence avoiding a considerable com-
putational burden. Fig. 4b also displays the largest aggregate
formed in each snapshot. In this case, we see that there is
essentially no situation in which only monomers or dimers are
present. In ~37% of the cases, the predominant species is the
tetramer, followed by cases in which pentamers (#32%), and
hexamers (~15%) are the largest species present, hence con-
firming the lower probability of observing larger aggregates
such as heptamers (~9%) or octamers (~1%). In conclusion,
the enhanced exploration of the system configurational space
confirms that the system spontaneously self-assembles, yet
through a dimer-based anti-cooperative mechanism, which
disfavors the formation of large columnar aggregates, likely
limiting the size of the stacked supramolecular structure to
less than ten units. All simulations were carried out under
standard conditions (1 atm, 300 K), and it remains to be seen
whether the observed anti-cooperative mechanism would hold
under different thermodynamic regimes. Investigating the role
of temperature may offer insight into potential changes in
aggregation behavior—a question that could be explored in
future studies.

3.2. Structure and dynamics of aggregates in water

The conformational dynamics of a pair of consecutive PDI
units within aggregates of varying sizes can serve as a further
indicator of the strength of n—r stacking, which directly affects
the material’s optical and photophysical properties.>® We first
examine the population of two of the geometrical descriptors
displayed in Fig. 2 along MD runs, namely the distance
between the centroids of two adjacent monomers, p, and its
projection along the stacking axis, R,. We performed this ana-
lysis for all neighboring pairs within each columnar aggregate
considered in this work. The complete set of data is reported
in Fig. S12-S14 in the SI, while Fig. 5 highlights only the most
relevant findings. Specifically, in Fig. 5, the left panels show
the p and R probability distributions for the PDI,@H,O and
PDI,@H,O0 trajectories, representing the dimer and selected
PDI pairs within the tetramer, respectively. The right panels
display the corresponding 2D heat maps, revealing correlations
between these parameters. R™ distribution peaks at approxi-
mately 2.6 A, and its shape remains similar in all pairs,
showing a significantly more pronounced broadening with
respect to p, with a long and pronounced tail at larger dis-
tances. Consistently with the values reported for similar n—x
stacked aggregates, the most probable distance p is ca. 3.8 A.
Interestingly, at difference with R", a noticeable shape vari-
ation in p distributions is evident when moving from the
dimer (Fig. 5a) to the tetramer pairs (Fig. 5b—d). Visual inspec-
tion is supported by analysis of the first moment (and stan-
dard deviation) of the p distributions (see Table S4 in the SI)
which are 4.12 (0.34) A for PDL,@H,O (Fig. 5a), and 3.87
(0.26), 3.95 (0.32), and 3.90 (0.28) A, for the three dimers in
PDI,@H,O0 in Fig. 5b-d respectively. In particular, the larger
first moment and broader signal obtained for PDL,@H,0 indi-
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cates that units within the isolated dimer experience greater
relative mobility compared to those in larger aggregates.
Although this could be expected for the central pair, it is
noticeable that even when positioned at the ends of a tetra-
meric column, the conformational dynamics of such PDI pairs
is also reduced with respect to PDI,@H,O0, thus indicating a
stabilizing effect from the extended =-stacked environment.
This trend is further supported by Fig. S12-S14 in the SI and
also clearly visible in the 2D heat map displayed in the right
panel of Fig. 5a, which shows a pronounced asymmetrical dis-
tribution and regions of low-to-medium color intensity. On the
contrary, for dimeric pairs within the tetramer, high prob-
ability (red) areas appear, again pointing to a more constrained
dynamics in the larger aggregate. It is also interesting to
examine the slight differences between different pairs, separ-
ately displayed in the (b) to (d) panels. In agreement with AG
calculations discussed in the previous section, the tetramer
appears to be constituted by two tightly bound dimers (a-b
and c-d), which exhibit similar p distributions (residual differ-
ences, e.g. in first moment and standard deviation, are only
due to a non perfect statistical sampling) and heat maps, indi-
cating relatively stronger stacking compared to the internal b-c
pair (whose p distribution has larger first moment and stan-
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dard deviation). While similar considerations apply to the
octamer (Fig. S13 in SI), the dodecamer shows the presence of
both strongly stacked tetramers and dimers (Fig. S14 in SI).

To better characterize the mutual arrangement of PDI units
within the column and shed further light on their internal
dynamics, we examined the correlation between p and the
other geometrical supramolecular descriptors defined in the
Methods Section. Results are again displayed as 2D heat maps
in Fig. 6 and 7, where we selected specific descriptors to high-
light the most relevant findings. The complete dataset is
reported in the SI, Fig. S15-S31. To corroborate the model of
“strongly interacting dimers” within even numbered aggre-
gates, we report in Fig. 6 the data calculated for the external a-
b pair monitored in the PDL,@H,0, PDL,@H,O and
PDI;,@H,0 systems, while those for the inner b-c pair within
either the tetramer or the dodecamer are displayed in Fig. 7
The first two columns of both Figures show the p, R and p, R®
distributions, respectively. In general, the distribution
obtained for the sliding displacement along the PDI long axis
(R") always shows a maximum around 2.2 A, while the most
probable distance between two neighboring units, p, lays
within 3.6 A and 3.9 A, depending on both the dimension of
the aggregate and the considered pair. A similar behavior was
registered for the R®, p distribution, indicating that the energy
paths along either the sliding or the shifting directions are
equivalent, and a “circular” motion within the n-plane should
be expected. Indeed, the distinctly asymmetric shape observed
in all cases further suggests that while the distance p between
the centers of mass of two neighboring units remains largely
unchanged during the dynamics (confirming the stability of
the aggregates), greater mobility is allowed for sliding and
shifting displacements within planes perpendicular to the
column axis. Interestingly, in line with the results displayed in
Fig. 5, the conformational dynamics of the solvated dimer in
PDI,@H,O0 explores wider regions of both the p, R and p, RS
landscapes, resulting in less defined and broadened heat
maps displayed in Fig. 6a. Moreover, we note that in the dode-
camer, sliding and shifting motions are larger with respect to
the tetramer, again pointing to weaker aggregation as the size
of the system increases. Turning to the comparison between
external and inner PDI pairs, the lower populations displayed
for the latter in the (a) and (b) panels of Fig. 7 confirm that,
within both the tetramer and the dodecamer, b-c inner pairs
exhibit a more pronounced mobility, consistently with the
reduced stacking strength reported in Tables S2 and S3.

After assessing the stability of the stacked self-assemblies
through the above analyses of positional descriptors,
additional insights into the reciprocal orientation of neighbor-
ing units within the stacks can be gained by examining the dis-
tribution of spinning and tumbling angles, as shown in the
two rightmost columns of Fig. 6 and 7. As far as the former (a,
see Fig. 2) is concerned, heat maps indicate that the long axes
of the considered pair are never found completely aligned (a =
0°). They have maxima at about 30° and 150°, hence pointing
toward staggered arrangements.’>>® In line with analyses
above, comparison of the distribution of the spinning angle

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 2D heat maps of the distributions of the p distances with the geometrical descriptors defined in Fig. 2, and computed for the external (a—b)

pair along the MD trajectories produced for (a) PDI,@H,O, (b) PDI;@H,0,

(c) PDI;,@H,0. In each panel, columns refer, from left to right, to the

sliding (R"), shifting (R®), spinning (a) and tumbling (') motions. For the sake of clarity, a graphical representation of the displacement associated with

each geometrical descriptor is displayed in the top panel.

achieved for either the outer (a-b, c-d) or the inner (b-c) pairs
within the tetramer suggests that the system is well described
as two interacting dimers. In PDIg@H,0 (see Fig. S22 in SI), as
well as in PDI;,@H,O (Fig. S23), the inner dimer shows a
more constrained dynamics, where only one minimum is
thoroughly explored. This is likely a consequence of the
increased steric hindrance caused by the side chains, which
restricts the spinning of the inner PDI units within the large
column. Moving to tumbling descriptors, it is not surprising
that these movements are rather limited in n-stacked columnar
aggregates. We report the p vs. y' correlation maps in the right
panels of Fig. 6 and 7, while all data concerning monomers
rotational dynamics within the columnar stack are gathered in
Section B.3.2 in the SI. Although, as shown in Fig. 6 and 7, the
tumbling motion between two neighboring PDI units is more
pronounced in the solvated dimer, both in the case of the
outer a-b pairs and of the inner b-c pairs, the non-negligible
7' population around 90° suggests a residual dynamics around
the tumbling (and rolling, see y in Fig. S24-S26) axes. The
limited rotational dynamics upon stacking corresponds to a

This journal is © The Royal Society of Chemistry 2025

significant reduction of the configurational space explored by
each pair, thereby contributing to the entropic penalty that
ultimately leads to the anti-cooperative assembly mechanism.
The reduced effectiveness of the self-assembly process with
the increasing dimensions of the aggregate is also evident
when considering the dephasing angle §, the supramolecular
descriptors defined in Fig. S9. Fig. S30 and S31 report 2D heat
maps for the distribution functions of the p and é descriptors
along the dynamics of all considered stacked systems. It
should be noticed that in a perfect stack of N units: (i) the
column height A, is ~ (N — 1)R;, , where R’ represents the pair
stacking distance, as p and R, are identical in a perfect stack,
and (ii) &y is zero for each unit k, since each #y ; lays parallel
to the columnar vector N . However, our simulations reveal
that the § distributions reported in Fig. S30 and S31 exhibit a
significant population extending up to 30°, induced by the
residual rolling and tumbling motions of each PDI unit within
the stack. Although the aggregates deviate from a perfect
column, as evidenced by the angular variations which point to
a tilted stack, the distance (p) between the first and last unit

Nanoscale, 2025, 17, 23626-23641 | 23635
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descriptor is displayed in the top panel.

remains comparable to that observed in the tetramer case.
This supports the idea that the PDI column follows a dimer-
based dynamic behavior. Consequently, the system exhibits
anti-cooperative behavior, as increasing the column size does
not enhance stability, which would otherwise be expected in a
cooperative assembly.

3.3. Analysis of the first solvation shell

Obtaining atomistic insights into the structure of solvent/
aggregates interface is of paramount importance when consid-
ering their use in various technological applications as, for
instance, in photocatalysis. Monomer functionalization has,
indeed, direct impact on the optoelectronic and redox pro-
perties but directly influences self-assembling and solvation
properties. Thus, characterizing solvent-accessible -catalytic
sites within the nanostructure provides rational guidelines for
optimizing the topology of electron/hole separation and, con-
sequently, boosting photocatalytic activity."'! Atomistic details
of aggregate/water interactions and the solvation shells sur-
rounding =-stacked columns were obtained by calculating
appropriately selected solute-solvent pair correlation func-
tions, g.p(7), reported in Section C in the SI, and by plotting
the three-dimensional spatial density function (SDF) of the
water proton, shown in Fig. 8. Since similar features were
found for all considered aggregates, we limit the discussion to
the tetramer, taken as representative of larger aggregates,
while the complete set of data can be found in the SI. Panels
(a) and (b) of Fig. 8 show clearly that a well-defined water shell

23636 | Nanoscale, 2025, 17, 23626-23641

surrounds both charged side chains and the solvated
monomer n-core. Conversely, for the tetramer (see panels (c) to
(e)), water only externally wraps the PDI n-stacked system,
mainly interacting with side chains and, to a minor extent,
with external PDI units. To characterize the interface between
the solvent and the aggregate in more detail, we computed
Zab(7) between water hydrogen or oxygen atoms (Hy, O,) and
selected positions on the PDIs, namely the geometrical center
of central ring (Ry, see Fig. S32 in the SI) of the k-th stacked
unit, the Nitrogen atom at the imide (N;), the charged
ammonium Nitrogen (N,) and the carbonyl Oxygen (O). On the
one hand, by looking at Fig. S37, gry(1) — H,, points to a non-
negligible probability to find the proton within 4 A from the
core, whereas gro(3) — Hy is still null in that range, confirming
the scarce solvation of inner units. Nonetheless, each PDI
monomer in the aggregates still maintains core/water inter-
actions through a relatively strong HB with the carbonyl
oxygen O, whose radial distribution function (see Fig. S38 and
S39) shows the insurgence of peaks at around 2 A. This inter-
action is also clearly visible in panel (c) of Fig. 8.

Prompted by the outcomes of the previously discussed
thermodynamic analysis, which pointed to the key role of PDI-
water interactions in the aggregation process, we further inves-
tigated the solvation patterns by quantifying the number of
HBs formed between the carbonyl oxygen atoms and surround-
ing water molecules across different aggregate sizes. As shown
in Fig. S47, the number of H-bonds per monomer gradually
decreases with aggregation size and reaches a plateau around

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Three-dimensional SDF maps of hydrogen and oxygen atoms from water solvent around solute selected moieties: (a) the monomer aromatic
core; (b) the monomer’s chain; (c) the tetramer aromatic cores. (d) One pendant chain of an external PDI of the tetramer; (e) one chain of an internal

PDI of the tetramer as well. Isovalue 6 = 12.

1.35. This confirms that solvation is present throughout the
stack, though slightly reduced in inner units due to steric
shielding caused by n-= stacking. We then examined solvation
at the polar side chains by analyzing the interactions between
the positively charged nitrogens (N,) and water molecules. As
shown in Fig. S48, the average number of N,-water contacts
per monomer remains high across all aggregate sizes, with
only a slight decrease compared to the carbonyl oxygens. This
indicates that side-chain solvation is largely preserved even in
larger stacks, albeit with a modest reduction as the column
grows. This picture is consistent with the SDF plots shown in
panels (d) and (e) of Fig. 8, which confirm the persistent
hydration of the side chains.

Finally, the pair distribution functions calculated for the
imide N (N;) are always found to be less structured, even at
short distances, reflecting a reduced solvent exposure due to
their proximity to the aromatic core.

To complement this static view, we also examined how
water molecules are forced out the inter-layer region during
dimer formation. Fig. 9 shows the joint evolution of the inter-
planar distance, R, and the number of interlayer waters.
Rather than a simple monotonic and continuous expulsion
flow, the system behaves as a bellows: the PDI cores first
approach each other to form a quasi-parallel arrangement,
then transiently re-separate, and only later collapse into the
final stacked configuration. This pathway reflects the energetic
cost of displacing interfacial water molecules, which must
overcome their favorable hydrogen-bond interactions before
being released into bulk. As a result, water expulsion proceeds

This journal is © The Royal Society of Chemistry 2025
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through intermediate, partially solvated states rather than a
single concerted event. Although these observations provide
mechanistic insight, we stress that the description remains
qualitative, and a statistically converged -characterization
would require longer trajectories and extended sampling.

4. Conclusions and final remarks

In this study, we investigate the self-assembly dynamics and
the resulting supramolecular structure of columnar stacked
aggregates of N,N-bis(2-(trimethylammonium)ethylene) pery-
lene 3,4,9,10-tetracarboxylic acid bis-imide (PDI) in water,
relying on extended classical molecular dynamics simulations.
These simulations are based on an accurate QMD-FF that was
previously parametrized by some of us for the PDI monomer,*®
and further validated for the dimer.”®> Here, the self-assembly
mechanism of trimeric and tetrameric supramolecular colum-
nar aggregates has been investigated using a bottom-up
approach. For larger aggregates, octamer and dodecamer, we
used a top-down scheme, starting simulations from pre-
assembled larger n-stacked columns. The presence of these
larger structures was established using enhanced sampling
MD techniques. In fact, while a trimer and a tetramer were
found to spontaneously self-assemble in around 50 ns,
HREMD simulations allowed the formation of larger aggre-
gates, up to a decamer. In line with experimental evidence on
self-assembly of PDI bearing bulky side chains,'®® we high-
light, through enhanced sampling simulations and free-energy
calculations, that PDI self-assembly follows an anti-coopera-
tive, dimer-based mechanism, in which dimers act as the
primary building blocks for larger aggregates. In-depth
thermodynamic analysis reveals that PDI aggregation is enthal-
pically disfavored but driven by a favorable entropy gain orig-
inating from the release of solvating water molecules. In a
model case of a step-wise aggregation process, we shows that
both enthalpic penalties and entropic benefits progressively
plateau with increasing stack size, leading to a size-indepen-
dent free energy. This saturation explains the anti-cooperative
nature of the process and the limited extension of columnar
stacks. Consequently, this suggests that experimental pro-
perties observed for these systems could be described by
taking into account up to tetramers or hexamers. Although
larger aggregates might be formed, these represent a small
fraction of the species observed.

Once the self-assembled PDI columns are formed, their
stability and dynamics in water was analyzed in terms of the
relative motions of their building blocks, defining a complete
set of geometrical supramolecular descriptors, accounting for
both translational and rotational motions within the = stacks.
Regardless of the size of the aggregate, we found that the
average distance between PDI falls within the range of
3.7-3.9 A, in agreement with experimental data for similar
n-stacked structures.'®'% Moreover, analysis of the relative
freedom of motion of adjacent dimers within different-sized
aggregates further confirms that the dimer, rather than the
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monomer, serves as the primary “building block”. Notably, we
observed that the dynamics of even-numbered aggregates
resembles those of strongly interacting dimers.

Atomistic analysis of solvent-aggregate interfaces highlights
the pivotal role of solvation in dictating both structural organ-
ization and aggregation energetics. While side chains remain
persistently hydrated across aggregate sizes, solvation of the
n-cores and carbonyl oxygens decreases with stacking, plateau-
ing at ~1.35 HBs per monomer. This reduction reflects steric
shielding within inner units and directly correlates with the
enthalpic cost of aggregation. Pair correlation and spatial
density analyses confirm that hydration is localized at external
units and polar groups, whereas imide nitrogens remain
poorly solvated. Moreover, water expulsion during stacking
follows a stepwise, bellows-like mechanism, requiring transi-
ent rearrangements to overcome the energetic penalty of dis-
rupting hydrogen-bonded interfacial waters. Overall, these
findings establish that solvent structuring and water displace-
ment are central to the anti-cooperative nature of PDI self-
assembly and provide molecular-level guidelines for tuning
aggregate interfaces in photocatalytic applications.
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