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Abstract: Supramolecular two-dimensional engineering epitomizes the design of complex molecular
architectures through recognition events in multicomponent self-assembly. Despite being the subject of
in-depth experimental studies, such articulated phenomena have not been yet elucidated in time and space
with atomic precision. Here we use atomistic molecular dynamics to simulate the recognition of
complementary hydrogen-bonding modules forming 2D porous networks on graphite. We describe the
transition path from the melt to the crystalline hexagonal phase and show that self-assembly proceeds
through a series of intermediate states featuring a plethora of polygonal types. Finally, we design a novel
bicomponent system possessing kinetically improved self-healing ability in silico, thus demonstrating that
a priori engineering of 2D self-assembly is possible.

Introduction

Molecular self-assembly of artificial architectures with precise
3D arrangements1 is key to the bottom-up fabrication of
multifunctional materials. As simplified models, 2D supramo-
lecular networks are ideal test beds for unraveling the principles
of multicomponent self-assembly. Although various experimen-
tal techniques exist for the exploration of materials with atomic
precision,2 the level of understanding of the subtle details of
the process of 2D supramolecular self-assembly is still limited,
and full control over the resulting phase is far from being
reached. This is exemplified by a series of recent scanning probe
microscopy analyses, which independently reported the coexist-
ence of numerous structurally diverse self-assembled phases at
the solid-liquid interface3 ranging from 2D amorphous4 and
polygonal networks5 to crystals.6 In addition, it has been

proposed that the self-assembled architectures at surfaces may
actually correspond to either equilibrium7 or nonequilibrium
states, which can be reversible4a or irreversible.5b Consequently,
any bottom-up material design would require a thorough and a
priori knowledge of both the thermodynamics and the kinetics
of molecular self-assembly on the time and length scales relevant
to the process, which includes an accurate description of the
structure of the multicomponent system as a function of
temperature, pressure, and relative concentrations of the mo-
lecular modules (i.e., phase diagram) as well as of the transition
pathways and barriers to the thermodynamically stable state.
Only such a detailed knowledge may ultimately allow one to
bridge the gap between the concepts of chemical design and
self-assembly into custom architectures, thus paving the way
toward supramolecular engineering.

In this manuscript we simulate the 2D self-assembly of a
model bicomponent system, i.e., melamine and a bis(N1-hexyl-
uracil) module, exposing complementary recognition sites
(mel ·ura, Figure 1A). The melamine’s donor-acceptor-donor
(DAD) coupling with acceptor-donor-acceptor (ADA) imidic
moieties in the mel ·ura bicomponent systems together with the
3-fold symmetry imposed by the melamine cornerstone is known
to lead to porous networks on graphite, which were shown by
scanning tunneling microscopy (STM) to feature a variety of
polygonal types, including pentagons, hexagons, and
heptagons.4a Such a structural diversity offers the opportunity
to explore the nature of 2D polygonal networks on the
submolecular scale and cast light onto the structural evolution
to the crystalline phase.

Results

The study of self-assembly at the solid-liquid interface by
molecular dynamics is accomplished through the description
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of the sequence of events (from molecular recognition to phase
properties) at an atomic level of detail. We chose Langevin
dynamics8 with continuum electrostatics in conjunction with a
restraining harmonic potential to mimic the presence of graphite,
which is referred to as the implicit substrate. The cornerstone

(mel) and the linker (ura) were modeled by the Merck molecular
force field (MMFF),9 while atomic charges were modified ad
hoc to fit the mel ·ura interaction energy profile estimated by

(9) Halgren, T. A. J. Comput. Chem. 1996, 17, 490.

Figure 1. Self-assembly simulations of mel · ura. (A) Chemical structure of the complementary heterodimer. The mel ·ura recognition is based on
donor-acceptor-donor (DAD) coupling with acceptor-donor-acceptor (ADA) imidic moieties. (B) Time series of the size (i.e., number of molecules) of
the largest supramolecular cluster in a typical fast-annealing trajectory (black line), i.e., a simulation performed at 400 K with temperature spikes up to 525
K. (C) Molecular structure of a 73-mer cluster (out of 80) extracted at 137 ns (red arrow in Figure 1B). Roman numbers indicate supramolecular polygons
and red and blue circles highlight mel ·mel and ura · ura homorecognition events, respectively. (D-F) Comparison between clusters extracted from the
simulations and experimental STM images. On the left-hand side, the supramolecular pattern of experimentally observed polymorphic networks is shown.
On the right-hand side, molecular snapshots extracted from the simulations are superposed to the STM images. The correlation between the complex experimental
patterns and the simulated assemblies is striking.
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density functional theory.4a The quality of the implicit substrate
was assessed by comparing the lifetime and the apparent
diffusion constant of a preformed mel ·ura dimer with those
obtained with an all-atom representation of a graphene slab;
the latter was reported to yield adsorption energies for a series
of aromatic compounds on graphite in good agreement with
experimental data.10 The analysis confirmed that the implicit
model provides a representative description of the substrate
while allowing for microseconds sampling in a few weeks of
calculation. Significantly, the mel ·ura dimer physisorbed on the
implicit substrate was found to have a lifetime exceeding 100
ns at temperatures below 400 K. For this reason all simulations
were performed at temperatures above 400 K, where self-
assembly is reversible and the model mimics the dynamic
experimental conditions.11 All simulations were performed with
the program CHARMM8b,12 in a constant dielectric continuum
electrostatics model with a cutoff of 18 Å for the nonbonded
interactions. The SHAKE13 algorithm was used to fix the length
of all covalent bonds, thus allowing for an integration time step
of several femtoseconds. Further details on the modeling of the
self-assembly modules and graphite substrate and the simulation
conditions are given in the Supporting Information.

The self-assembly of mel ·ura was investigated by Langevin
molecular dynamics (MD) simulations of an 80-molecule
stoichiometric mixture adsorbed on the substrate. Twenty
independent runs were done at 400 K for 500 ns by employing
a “fast-annealing” protocol that features temperature spikes at
525 K. Since the mel ·ura dimer dissociates in the subnanosec-
ond time scale at 500 K, the procedure results in an efficient
conformational search. During annealing, a plethora of discrete
supramolecular structures based on heteromers as large as 70-
mers rapidly assemble and disassemble (see Figure 1B); they
are hereafter referred to as clusters. The motif of a transient
cluster extracted at 137 ns is portrayed in Figure 1C. It shows
a 73-mer combining a pentagon (I), a heptagon (II), and a
hexagon (III) as well as the existence of mel ·mel and ura ·ura
homorecognition events. When compared with STM images,
the correlation between the structure of the simulated clusters
and the experimental patterns is striking. Figure 1D-F shows
three structural motifs extracted from the fast-annealing trajec-
tories superimposed on STM recorded images. Interestingly, out
of hundreds of clusters composed of >50-mers, the largest
“crystallike” fragment from the simulations was composed of
only three consecutive hexagons (Figure 1F), out of nine that
can possibly form in the 80-molecule crystalline configuration.
Conversely, hexagonal crystalline domains are ubiquitously
observed in the experiments. This suggests that the large
heterogeneous population of polygonal networks is a kinetic
product, which suddenly forms in the early steps of 2D self-
assembly. To confirm this observation, the difference in
conformational free energy (∆G) between potential nuclei of
archetypical size, i.e., the smallest polygons, was investigated
by the confinement approach (see Supporting Information for

details).14 The free energy of the supramolecular hexagon, which
is structurally compatible with the crystalline pattern, was
compared to that of the branched pentagon, a supramolecular
discrete architecture steering formation of polygonal networks.
The analysis yields a ∆G of 2.3 ( 1.0 kcal/mol at 400 K in
favor of the hexagon, implying a theoretical ratio between the
populations of the hexagon and the pentagon at equilibrium
amounting to 18. Conversely, the average over the “fast-
annealing” simulations revealed essentially equal populations,
their ratio being 0.66 (Figure S15, Supporting Information).
These results provide strong evidence that polygonal defects,
such as pentagons, are kinetically formed species, promoting
formation of noncrystalline phases. Moreover, taking into
account that crystalline domains are found to extend far beyond
polygonal domains in STM images,4a the hexagonal pattern is
predicted to be the thermodynamically stable state. In light of
this, the existence of a structural transition from the glass-like
network to the crystalline state, i.e., a self-healing process, is
expected in the simulations.

To prove the existence of such a transition, we first ap-
proached the problem by constant temperature MD simulation
of stoichiometric mel ·ura. At 375 K the system shows no
structural evolution to ordering on the submicrosecond time
scale, leading only to 2D amorphous polymers. At 420 K the
system is more dynamic and large molecular clusters spontane-
ously assemble. Interestingly, the clusters exhibit a steady
growth on the nanosecond time scale along with large fluctua-
tions in size on the tens of nanoseconds, leading to an overall
structural increase on the hundreds of nanoseconds (Figure 2A,
black line). The comparison of the time-dependent trend of the
number of hetero- and homorecognition events (see Figure 2A)
reveals that the former (in blue) inversely mirrors the latter (in
red). Such an observation suggests that although hetero-
hydrogen bonding has a constant increase with time, continuous
replacement of heterointeractions with homointeractions and vice
versa takes place. This is a consequence of the similar binding
energies amounting to 13 kcal/mol for ura ·ura and 11 kcal/
mol for mel ·mel if compared to 18 kcal/mol for mel · ura. The
competitive interplay gives rise to additional barriers, which
effectively trap the system in a glass-like state15 on the
simulation time scale. To test this hypothesis and speed up the
glass to crystal transition in silico, the interaction energy of all
homorecognition events (i.e., mel ·mel and ura · ura) was
artificially disfavored by scaling them down by a factor of 100
while preserving all other simulation conditions. This corre-
sponds to an idealized system essentially devoid of homorec-
ognition, referred to as mel ·ura* (see Supporting Information
for details). When mel ·ura* is simulated at 420 K, the clusters
grow very rapidly (cf. Figure 2A and 2B), and a marked
structural evolution to ordering is detected by the appearance
of a peak at 41 Å in the radial distribution function g(r). Such
a peak corresponds to the unit cell of a fully crystalline pattern,
and its intensity gauges the degree of crystallinity (Figure 2C).
Analysis of the evolution of the system in time reveals a series
of structural intermediates with increased ordering, as depicted
in Figure 2D. In the subnanosecond range (blue region) the
average cluster is composed of three interacting molecules (state
A). Between 1 and 5 ns, the cluster size increases and 20-mers
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assemblies appear (B, green region). At this stage, a big step in
the average cluster size is observed (C) followed by a drop in
the slope of the heteroassociation rate (blue line). Both the g(r)
and the cluster size increase until they reach a plateau at about
100 ns (state D, yellow region). Overall, four main structural
transitions are identified. They correspond to the oligomerization
of the melt (state A, Figure 2E), the appearance of polymeric

networks (state B, Figure 2F), clustering into 2D polygonal
networks (state C, Figure 2G), and relaxation to the crystalline
state (state D, Figure 2H and 2I). The transition from state C to
D in Figure 2 provides the first direct proof of self-healing
occurring in silico. The same structural evolution to the
crystalline state occurring through a series of polygonal
intermediates was observed in multiple simulation trajectories.

Figure 2. Self-assembly simulations of mel · ura*. (A) Time evolution of mel ·ura at 420 K. The time series of the size of the largest cluster and those of the
number of hetero- and homorecognition events are shown in black, red, and blue, respectively. (B) Time evolution of mel ·ura* at 420 K. The size of the largest
cluster (black) and the number of heterorecognition events (blue) are shown. By construction, homorecognition events are absent (see main text). The figure
also shows the time series of g(r) at r ) 41 Å (red dots). (C) Radial distribution function, g(r), determined at different time frames of the mel ·ura*
simulation. (D) Logarithmic plot of B. Four distinct phase behaviors are apparent. (E-I) Structural representation of the intermediate states identified in D.
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A visual representation of the mel ·ura* transition pathway from
the melt to the hexagonal phase is given in the Supporting
Information (see video S2). The simulations show that two-
dimensional crystallization mediated by hydrogen-bonding
recognition proceeds via a discrete series of metastable (kinetic)
intermediate states until the most stable (thermodynamic)
supramolecular architecture is reached. In a way, these results
provide a microscopic picture of what is known as Ostwald’s
rule of stages.16

By capitalizing on the knowledge acquired on the mel ·ura*
system, we formulate a novel bicomponent featuring simulta-
neously improved self-healing kinetics with enhanced thermo-
dynamics control. For this purpose, a system naturally devoid
of homorecognition was designed by exploiting two new
complementary modules, the former exposing three parallel
hydrogen bond donors that recognize three parallel hydrogen-
bond acceptors belonging to the second molecule (anthra ·bigua,

Figure 3A). In such a unique triple-recognition process, primary
interactions are further stabilized by secondary intermolecular
interactions which all feature an attractive nature. For the sake
of computational simplicity the metal in the bigua module was
replaced with an artificial bond bridging the two biguanide
moieties. In such a system, the model’s heterorecognition
association energy amounts to 52 kcal/mol. By following the
strategy used for mel ·ura, the self-assembly of an 80-molecule
anthra · bigua bicomponent was simulated at 520 K and
dielectric constant of 2.5.17 Figure 3B-E shows the structural
evolution of the system in a typical simulation trajectory. The
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with that of mel-ura.

Figure 3. Self-assembly simulations of anthra · bigua. (A) Chemical structure of the complementary heterodimer. The anthra ·bigua recognition is based on
donor-donor-donor coupling with acceptor-acceptor-acceptor triaza-anthracene moieties. The metal (M) of the bigua module was replaced by an artificial
bond in the simulations. (B-E) Molecular snapshots extracted from a typical self-assembly simulation at 520 K depicting the structural intermediates
leading to the semicrystalline phase. (F) Radial distribution function, g(r), at chosen times. The band centered at r ) 51 Å, which corresponds to the unit
cell vector length for a fully crystalline pattern, shows the evolution of the system to ordering. (G) Time series of g(r) at a distance of 51 Å. Blue and red
dots, respectively, correspond to the number of hexagons and squares sampled in the simulation as a function of time.
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melt phase rapidly aggregates into a 2D amorphous glass in
tenths of picoseconds until a stable cluster is formed (Figure
3B). The cluster rearranges into a 2D glassy network in about
100 ns (Figure 3C), evolves into a polygonal network (Figure
3D), and finally undergoes a spontaneous transition to a
semicrystal featuring five hexagonal pores (Figure 3E). The latter
further evolves into a six-hexagons- structure in about 0.5 µs.
Similar results were obtained in multiple simulations runs (see
Supporting Information). Strikingly, the de novo designed
anthra ·bigua shows the spontaneous transition to the semi-
crystalline phase observed for the model system mel ·ura* (see
Figure 3F and 3G).

Conclusions

In summary, computer-assisted self-assembly is a most
valuable tool for making 2D supramolecular engineering a fully
predictive discipline. The results presented in this paper
demonstrate that atomistic computer simulations of small organic
compounds physisorbed on a substrate are key to identification
of the design rules of 2D self-assembly, thus providing a novel
framework for the rational optimization of the chemical structure
of the molecular modules. We demonstrated that knowledge of
the free-energy landscape could be exploited to elucidate
bicomponent self-assembly into crystalline networks in silico
and showed that crystallization proceeds through a series of
glass-like intermediates. The reversible nature of the self-
assembly process was evidenced by monitoring the self-healing
of a 2D polygonal network into a 2D crystal. By investigating
the 2D self-assembly of a model system, we captured the
molecular origin of the frustration of the underlying free energy
surface and used it to design a novel bicomponent system with
improved self-healing kinetics. The latter is expected to show
extremely rapid structural reorganization to the crystalline
pattern (i.e., submicrosecond) in response to external stimuli
(i.e., mechanical or thermal) and is proposed as a prototypical
example of a novel class of intelligent materials. In addition,
the design of complementary modules exposing either hydrogen-
bonding donor or hydrogen-bonding acceptor moieties at the

recognition sites, which was introduced to suppress the occur-
rence of homorecognition, provides a simple solution to the
common propensity of preprogrammed multicomponents to
undergo phase segregation. The latter is expected by design to
confer enhanced material stability to degradation and aging.
These findings are key for de novo material design, where
understanding the link between the chemical nature of the
building blocks and the properties of the resulting architectures
is of paramount importance to translate information into
function. This problem is highly reminiscent of the relationship
between the primary sequence and the three-dimensional
structure of proteins.
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