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ABSTRACT: We have studied the self-assembly of a series of multicomponent cyclic
supramolecular polygons on a Au(111) surface using scanning tunneling microscopy
and kinetic Monte Carlo simulations. Our results indicate that while closed polygons or
cages efficiently self-assemble in three dimensions at appropriate temperatures and
concentrations, chain structures are formed predominantly and the yield of cyclic
polygon structures is very low in two dimensions independent of temperature and
concentration. This substantial shift in the ring−chain equilibrium can be attributed to
subtle competition between kinetic and thermodynamic controls. Simulations suggest
that on a surface, where the translational and rotational freedom of the molecules are
restricted and intramolecular bond flipping is hindered, the low-energy reaction
pathways that are essential for the formation of cyclic structures are blocked. In addition,
microscopy images suggest that surface defects provide kinetic traps that further reduce
the yield of cyclic structures. Our findings reveal the striking differences between the on-surface self-assembly and solution self-
assembly of discrete supramolecular systems.

■ INTRODUCTION

Self-assembly of cyclic structures is of high interest in
fundamental research and applications. Ring−chain competi-
tion in polymerization arises when equilibrium exists between
the linear and cyclic forms of oligomers and polymers.1−7

Cyclic assemblies predominate below the so-called critical
polymerization concentration (CPC), while the concentration
of cyclic species remains constant above the CPC, with the
excess monomers producing mainly linear species.1,2,7,8 Such
competition deserves attention because it plays important roles
in numerous synthetic processes, such as polymerization
reactions9−12 and polymer assembly via noncovalent inter-
actions.1,2,13−15 For example, if the competition is not properly
controlled, normally by thermodynamics and/or kinetics
controls, the desired products (cyclic or linear) will not be
obtained in high yield.
Ring−chain competition is also important for supramolecular

coordination self-assembly when the molecules can be
assembled into discrete polygons or cages using metal−ligand
coordination.16−20 During the assembly processes, metastable
intermediate products frequently form at the local minima on
the reaction free energy hypersurface (FEHS). Depending on
the morphology of the FEHS, self-assembly may be under
kinetic or thermodynamic control under the particular assembly
conditions.17 When assembly is under thermodynamic control,
intermediates can often be converted into stable low-energy
target products if the reaction is allowed to proceed for a
relatively long time or if annealing is performed at elevated
temperatures.21−23 If, however, the assembly is under kinetic

control, a metastable product can remain kinetically trapped in
a deep local minimum.24−31

Recent work has examined supramolecular self-assembly in
two dimensions (2D), i.e., assembly confined to solid−liquid or
solid−vacuum interfaces.32−35 On one hand, 2D supra-
molecular self-assembly shows many of the same characteristics
as the corresponding 3D processes. On the other hand,
different behavior is expected as the molecules adsorbed on a
surface must overcome translational or rotational energy
barriers to find their destiny due to surface−molecule
interactions;35−40 thus, the molecules have fewer degrees of
freedom in the 2D assembly processes than in the
corresponding 3D ones. For example, the translational or
rotational motions of intermediate supramolecules on a surface
are greatly reduced and are even frozen at room temperature. In
addition, torsional motion around a bond is prohibited for most
species adsorbed on surfaces; in other words, molecules or
molecular groups cannot flip on a surface. These limitations are
expected to introduce deep local minima on the FEHS of 2D
confined self-assembly, leading to the creation of thermody-
namic minima or kinetic traps.
In the present work, we investigated the 2D self-assembly of

multicomponent supramolecular cyclic structures on a Au(111)
surface.41−43 We chose ditopic pyridylporphyrin (A and B) and
bis(terpyridine) (C and D) as ligands, which are linked by
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terpyridyl-Fe-pyridyl coordination (Chart 1).44 A and C form
three types of cyclic structures: six-component A3C3, eight-

component A4C4, and 12-component A6C6. A and D form two
types of cyclic structures: four-component A2D2 and six-
component A3D3. B and D form the 12-component cyclic
structure B6D6. In all cases, chain structures are formed
together with the cyclic ones. We explored the ring−chain
equilibrium by analyzing the effects of temperature, reactant
concentrations, and component ratios on the yield of cyclic
structures. We also modeled the 2D supramolecular assembly
using kinetic Monte Carlo (KMC) simulation. Our results
show that self-assembly of cyclic structures differs in several
aspects in 2D and 3D; in particular, there exists deeper kinetic
traps for the 2D case. We argue that subtle competition
between kinetics and thermodynamics in 2D means that
reaction conditions must be controlled more carefully, and
some types of self-assembly may not proceed at all.

■ METHOD
Experiments were performed in an ultrahigh-vacuum system
(Omicron Nanotechnology) with a base pressure below 5 ×
10−10 mbar. A single-crystalline Au(111) substrate was cleaned
by argon-ion sputtering and annealing to approximately 900 K.
The molecules used in this study shown in Chart 1 were
thermally evaporated by a molecular beam evaporator and
deposited onto the Au(111) substrate, which was maintained at
room temperature. The evaporation temperatures for these four
molecules A, B, C, and D are 610, 590, 550, and 590 K,
respectively. Scanning tunneling microscopy (STM) measure-
ments were performed at 296 K.
Kinetic Monte Carlo (KMC) simulations were performed on

a 100 × 100 square or hexagonal lattice using an algorithm
previously described45 with a periodic boundary condition
imposed. Initially equal amounts of two kinds of molecules

were deposited randomly onto the lattice. Desorption of the
molecules was not allowed. Single molecules were allowed to
hop to a nearest-neighbor site or rotate clockwise or
anticlockwise by 90° on the square lattice or 60° on the
hexagonal one. The rates of these events were determined by
the corresponding energy barriers and temperature. A
coordination bond was formed when a ligand encountered a
complementary ligand in a head-to-head configuration. The
bonds can be dissociated at a rate given by the bond strength
and temperature.

■ RESULTS AND DISCUSSION
Experimental Results. Figure 1 shows representative high-

resolution STM images of the six cyclic structures of A2D2,

A3D3, B6D6, A3C3, A4C4, and A6C6 as well as the corresponding
structural models. In these structures, the porphyrin ligands act
as corners and the dogbone-shaped bis(terpyridine) ligands act
as linkers. Some of the porphyrin molecules appear bright due
to metalation of their macrocyclic core.44−46 The formation of
the cyclic structures occurred exclusively after mixing Fe with
the two types of ligands, indicating that the structures are
stabilized by terpyridyl-Fe-pyridyl coordination.44 Fe atoms
were not resolved in the STM topographs, presumably due to
electronic effects.47 A3C3, A4C4, and A6C6 contain the same
ligand combinations, but with different coordination angles
between two side linker ligands. For example, the A4C4
structure exhibits a rhombus shape with corner angles of 65°

Chart 1. The Molecules Used in This Study (Ligands A−D)
and the Corresponding Representations of Their Cyclic
Structures

Figure 1. STM topographs of cyclic structures and the corresponding
structural models of (a) A2D2, (b) A3D3, (c) B6D6, (d) A3C3, (e) A4C4,
and (f) A6C6. All STM topographs are 15 × 15 nm2.
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and 115°, instead of a square shape with a corner angle of 90°.
Similar results were obtained with A2D2 and A3D3. This
nonideal geometry can be attributed to conformational
flexibility of the on-surface coordination bond42,48 and
symmetry mismatch between the atomic lattice of the
Au(111) substrate (6-fold) and the ideal cyclic structures.42

Note that in the A + D system A2D2 and A3D3 are in
comparable amounts, whereas in the A + C system, A4C4 is the
main products while A3C3 and A6C6 are byproducts of less
quantities. In the later sections, we will not analyze these two
structures.
Figure 2a−c presents large views of STM images showing the

structures assembled from three ligand combinations (A + C, A

+ D, and B + D) in the presence of Fe. In all three cases, zigzag
chains are abundant, whereas cyclic structures (circled in the
figure) are rare. We counted the numbers of different (cyclic
and chain) structures over a total area of 10000 nm2. The
quantitative analysis of the structures showed that yield of the
cyclic structures, defined as the percentage of the total amount
of porphyrin ligands forming cyclic structures, is only 3.3% for
A2D2, 2% for A3D3 and A4C4, and 0.8% for B6D6. The yield
declined with increasing number of constituents in the cyclic
structure (4, 6, 8, or 12). This trend implies that the probability
of a ligand adopting a correct configuration required for
assembling a large cyclic structure (e.g., appropriate molecular
orientation) is lower than that for a smaller structure. We varied
the ratio of the two ligands to optimize the self-assembly of the
cyclic structures. Figure 3 shows the structures formed by A
and C when mixed in A:C ratios of 2:1 and 1:2. The assembled
structures are primarily small clusters and short oligomers. Only
the stoichiometric 1:1 ratio resulted in the formation of
extended polymeric structures (cf. Figure 2b). This observation
manifests the importance of stoichiometry in the multi-
component self-assembly. We use the samples of stoichiometric

1:1 ratio when analyzing the products of ligand mixtures in the
rest of this paper.
To explore how kinetics controls the self-assembly processes,

we annealed A + D samples at different temperatures for
different durations. Annealing at 400 K for 5 min gave low
yields of the cyclic structures similar to those obtained without
annealing. Extending the 400 K annealing to 2 h increased the
yield of A2D2 more than 2-fold to 7.7% and the yield of A3D3 to
2.3% (Figure S1). Further annealing with longer time, however,
did not enhance the yield, suggesting that the low yield can be
ascribed to deep kinetic trapping. In order to overcome the
kinetic limitation, we increased the annealing temperature to
450 K. Contrary to our expectations, only zigzag chains were
observed (Figure S1). We suggest that the low yield may be
ascribed to excessive ligand concentration, since cyclic
structures are formed in high yield in 3D only when the ligand
concentration is below the CPC. Therefore, we investigated A
+ D self-assembly over a broad range of concentrations. None
of the ratios led to a significant increase in cyclic yield (data not
shown). These findings suggest that while self-assembly of
polygons can be highly efficient in 3D, their self-assembly is
extremely inefficient in 2D. The formation of chain structures is
strongly favored over that of ring structures in 2D. Apparently,
this behavior may be attributed to the nonideal coordination
geometry since the formation of cyclic structures might be
thermodynamically less favored than the chain structures which
contain ideal coordination ones. However, the B6D6 structures
only contain ideal coordination geometry, but this structure
behaves similarly as the rest. On the other hand, our previous
study clearly demonstrated that in the assembly of extended 2D
structures nonideal geometry also occurs; nevertheless, this
effect does not hinder the self-assembly of the 2D structures
with high yield. Thus, there must be other reasons accounting
for the shifting of the ring−chain balance.

KMC Simulation. We carried out KMC simulations to gain
insight into the mechanism of 2D self-assembly of the cyclic
structures. We simulated four systems: 4-component A2D2, 6-
component A3D3, 8-component A4C4, and 12-component
B6D6. The substrate lattice was 6-fold for A2D2 (Figure 4a),
A3D3 (Figure 4b), and B6D6 (Figure 4d) but 4-fold for A4C4
(Figure 4c). The translational (rotational) freedom of the
molecules was constrained by a diffusion (rotational) barrier of
Ed = 0.68 eV (Er = 1.00 eV).40,45 When two complementary
ligands (yellow and light blue ends) encountered each other in
a head-to-head configuration, a bond formed with a binding

Figure 2. Large-view STM images of the self-assembled structures.
(a−c) STM topographs (50 × 50 nm2) showing abundant zigzag
chains and low-yield cyclic structures in (a) A + D, (b) A + C, and (c)
B + D. Representative cyclic structures are circled. (d) The yields of
the different cyclic structures.

Figure 3. STM topographs (50 × 50 nm2) showing the self-assembled
structures of A + C mixed in different ratios: (a) A:C = 2:1 and (b)
A:C = 1:2.
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energy of Eb = 0.30 eV. Flipping of the molecules (mirror
operation) was not allowed.
Figure 5a−d displays representative simulation results

obtained under conditions comparable to the experimental

ones including annealing temperature and duration, molecular
concentration (percentage of substrate surface area covered by
the molecules), and ligand ratio. Similar to the experiments, the
simulations produced mixtures of cyclic structures and zigzag
chain structures. The yields of the cyclic structures from the
simulations were 23.6% for A2D2, 4.2% for A3D3, 10.6% for
A4C4, and 0% for B6D6 (Figure 4d). Except for B6D6, the
simulated yields of A2D2, A3D3, and A4C4 are higher than the
experimental ones. Several factors may explain this discrepancy.
First, when the samples were annealed at high temperature or
with prolonged annealing duration, the Fe atoms that normally
acted as coordination centers to link two complementary
ligands may have nucleated into Fe islands or diffused into the
Au crystal. The simulations did not take these effects into
account. Second, the coordination angles in the experimental
products often deviate from ideal geometry, which may reduce
the binding strength. Third, A4C4 formed on a 6-fold substrate
in the experiments, while it formed on a 4-fold substrate in the
simulations. A 4-fold substrate matches the symmetry of the
A4C4 structure and is therefore expected to lead to higher yield.
Fourth, molecules in the experiments may have become
trapped at surface defects such as step edges, Au(111)
herringbone reconstruction, or Fe islands; in contrast, the
molecules in the simulations moved freely on the substrate.
Despite these differences, the simulations reproduced the key
characteristics of the experimental results: most products are
zigzag chain structures while cyclic structures form in very low
yield. In this way, both experiments and simulation indicate that

self-assembly of cyclic structures is much less favorable in 2D
than in 3D, so we conclude that the ring−chain equilibrium is
shifted toward chain formation. As in our experiments, we
performed simulations to examine the effects of stoichiometry
on self-assembly. We simulated self-assembly processes with A
and C present in ratios of 2:1, 1:1, and 1:2 (always at the same
total molecular concentration), and we compared the yields of
the cyclic structure A4C4 obtained. The yield for the two
nonstoichiometric ratios was approximately one-third of that
for the stoichiometric 1:1 ratio (Figure S2). These results are
consistent with the experimental observations (Figure 3).

Discussion. Self-assembly in 3D occurs through the
stepwise formation of various intermediates that lead
progressively to the final target structures. The (almost)
unrestricted translational, rotational, and torsional freedom of
individual molecules or intermediates in 3D provides many
low-energy pathways on the FEHS. As a result, intermediates
can easily find a low-energy pathway to convert into the target
structures at ambient or slightly elevated temperatures.
However, in 2D self-assembly, many of these low-energy
pathways are blocked since translational, rotational, and
torsional molecular motion is severely restricted. We propose
that this restriction makes the 2D self-assembly of cyclic
structures extremely inefficient. We illustrate this proposal in
Scheme 1a: I is an intermediate en route to the target cyclic IV;

I can develop not only into IV but also into intermediates II or
III. In 3D, II or III can easily reach the target structure by
flipping around a bond and forming an intramolecular bond, a
process indicated by the red curved arrows in Scheme 1a. On a
2D surface, however, flipping around a bond is greatly
hindered, so II or III must convert back into I in order to
reach the target structure IV. Since converting II or III into I
involves energetically costly bond breaking, II and III lie in a
deep kinetic trap on the FEHS. Thus, we propose that the
FEHS of 2D self-assembly is highly corrugated as compared
with the 3D one.
To test this proposal, we monitored time-lapse images of

KMC-simulated self-assembly of cyclic structures. Figure 6
shows time-lapse images over 66 s of the assembly process of
A4C4. An intermediate similar to II forms initially (red ellipse in
Figure 6a). Subsequently, this intermediate develops into a
chain structure (Figure 6b−f) instead of a cyclic structure. One
may expect that if intramolecular bond flipping is allowed, the
ligand at the upper-right corner in the circled structure in
Figure 6a would bound with the ligand at the right side,
forming a closed cyclic structure. To examine the effects of
intramolecular bond flipping, we introduced flipping events into

Figure 4. The four cyclic structures simulated using KMC. Each
molecule consists of two ends (yellow or light blue) linked by a
backbone (orange or dark blue). The backbone defines the molecular
geometry. A yellow end could bond with a light blue end only if they
encountered each other in head-to-head configuration.

Figure 5. KMC-simulated self-assembly of (a) A2D2 (30%
concentration), (b) A3D3 (30%), (c) A4C4 (36%), and (d) B6D6
(36%). All assemblies were subjected to annealing at 400 K for 5 min.
(e) Yields of the respective cyclic structures.

Scheme 1. (a) Kinetically Controlled Self-Assembly at Low
Temperature, in Which II and III Are Kinetically Trapped
Intermediates; (b) Thermodynamically Controlled Self-
Assembly at High Temperature, in Which Configurational
Entropy Prefers Chain Structures
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the simulation by reducing the energy barrier of bond flipping.
Again we chose the A4C4 system as the representative model
system. Figure 7a displays the simulated yield of the cyclic

structure as a function of the energy barrier. One can find the
yield of the cyclic structure increases when reducing the barrier,
and when the barrier is 0.8 eV, the yield is almost tripled as
compared to the situation without flipping. (Note in the
simulations only L-shaped monomer can flip, and the flipping
of dimer or even larger units was not considered due to
technical difficulty.) Because of computational resource
limitation, we did not perform the simulation of even low-
energy barrier. Despite this limitation, the trend revealed in
Figure 7a clearly indicates that the yield of the cyclic structures
is substantially high in 3D self-assembly considering that the
torsional rotation barrier of a C−C bond in free space is about
0.1 eV.49 Hence, we conclude that hindered bond flipping in
2D significantly slows down the self-assembly of the cyclic
structure. We also argue that bond flipping plays a very
important role in the formation of cyclic structures in 3D self-
assembly.
Performing annealing at higher temperatures is a common

strategy to overcome kinetic controls. At higher temperature,
trapped intermediates can gain sufficient energy to escape the
kinetic traps and explore the FEHS in search of the
thermodynamic minimum. Therefore, annealing may convert

intermediates like II and III in Scheme 1a into the
thermodynamically stable product IV. To test whether raising
temperature can enhance the yield of the cyclic structures, we
simulated the self-assembly of A3D3 with annealing in a
temperatures range from 350 to 550 K for 5 min (blue curve)
and 30 min (red curve) (Figure 7b). When the annealing
temperature is below 400 K, time-lapse images of the
simulation (data not shown) reveal that the molecules do not
have sufficient energy to move effectively on the surface, and
once chain structures form, they do not dissolve. Extending the
time from 5 to 30 min can enhance the yield, confirming that
the low yield can be attributed to kinetic controls. The
simulated yield can be raised as high as 60% after 30 min
annealing at 425 K. In the experiments, however, prolonged
annealing only raised the yield to 10%. The neglecting of
various experimental details in the simulations as discussed
before presumably accounts for this discrepancy. Above 425 K,
the yield declines with increasing temperature. At this stage, the
self-assembly has reached thermodynamic equilibrium while the
formed cyclic structures are frequently dissociated, as can be
seen in the time-lapse simulation images. The Jacobson−
Stockmayer theory predicts that the equilibrium between cyclic
and chain polymers is determined solely by the change in
configurational entropy associated with cyclization.50 Thus, at
sufficiently higher temperatures, the ring−chain equilibrium is
expected to shift toward the chain structures, as illustrated in
Scheme 1b, because entropy contribution becomes important
at higher temperature. We attribute the decline of the yield at
the high temperature regime to thermodynamic control.
The CPC appears to be a critical factor in the ring−chain

competition during cyclic product formation. Therefore, we
performed KMC simulations of the 2D self-assembly of A3D3 at
different molecular concentrations (modeled in the simulation
as surface area coverage). The simulated annealing was carried
out at 450 K for 30 min to ensure that the reaction would be in
thermodynamic equilibrium. At the extreme of very low
concentrations, the molecules rarely encountered one another
and therefore rarely formed cyclic structures (Figure 8a). At the

Figure 6. Simulated time-lapse images of KMC-simulated 2D self-
assembly of A4C4 with annealing at 375 K. Red ellipses track the
evolution of a typical intermediate structure.

Figure 7. (a) KMC-simulated yield of cyclic structures of A4C4 (30%
concentration, annealing at 375 K for 30 min) as a function of
intramolecular bond flipping barrier. (b) KMC-simulated yields of the
2D self-assembly of cyclic A3D3 (24% concentration) as a function of
annealing temperatures for 5 min (blue) and 30 min (red).

Figure 8. KMC-simulated self-assembly of A and D ligands at different
concentrations: (a) 1.5%, (b) 18%, (c) 54%. (d) Yields of A3D3 as a
function of concentration. (e) STM image (100 × 100 nm2) showing
the assembly of A and D present at concentration below the CPC.
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extreme of very high concentrations, the molecules could not
move freely on the substrate for lack of available space, again
preventing them from forming cyclic species (Figure 8c). At
intermediate concentrations, these effects were less severe, and
the yield of cyclic product was relatively high (Figure 8b).
Analysis of the yield of the cyclic structures as a function of
concentration (Figure 8d) shows that the yield rises quickly at
low concentrations, reaching a maximum of 60% yield at 18%
coverage, and then declining at high concentrations. These
results are consistent with the studies of the effects of CPC on
ring−chain competition. Experimentally, we did not observe a
significant yield enhancement over a wide range of ligand
concentrations including below the CPC. The STM data
provide us some clues why this happens: Figure 8e is a
representative STM image of the self-assembly in which the
molecule concentration is below the CPC. One can see that the
molecules are trapped at the elbow sites of the Au(111)
herringbone reconstruction or step edges. Thus, we argue that
the surface defects, which effectively trap molecules, hinder the
high-yield formation of the cyclic structures below the CPC.

■ CONCLUSIONS
We have investigated the self-assembly of a series of cyclic
structures on a Au(111) surface using STM and KMC
simulation. The yield of closed polygon structures in 2D is
much lower than in 3D. KMC simulations suggest that this low
yield can be attributed to a subtle competition between kinetic
and thermodynamic control: chain structures predominate at
low temperature due to deep kinetic traps arising from of the
restricted molecular motion in 2D, whereas at high temper-
ature, thermodynamics (entropy) favors chain structures. This
dilemma inherently constrains the formation of the cyclic
structures and consequently shifts the ring−chain equilibrium.
We propose that to drive the systems to a thermodynamic
equilibrium state, one must reduce surface−molecule inter-
action, i.e., open the low-energy reaction pathways on the
FEHS.
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