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ABSTRACT: Self-organizations of supramolecular assemblies at
surfaces typically achieve highly ordered two-dimensional packing
structures due to the negotiation of various intermolecular
interactions into a minimum free energy configuration. As we
advance these systems toward the long-term goal of achieving
programmable surface functionality, however, we consider systems
of greater complexity in molecular building-block architecture and
in growth conditions. Here, we study the polymorphic self-
assembly of tricarbazolo triazolophane macrocycles (tricarb) at the
solution/solid interface to determine the underlying pathway that
tricarb follows when it transitions between two structures. Tricarb
species, depending on peripheral functionalization, self-assemble
into kinetically trapped disordered structures or thermodynamically favored ordered honeycomb structures. Experiments varying
pre- and post-deposition conditions (solubility, concentration, and temperature) suggest that a solution-mediated annealing
pathway, as opposed to an on-surface rearrangement, is key to a transition from disordered structures to honeycomb. Molecular
dynamic simulations provide nanoscale insights into the roles of peripheral groups and solvent molecules in self-assembly.
Substituents on the exterior of the molecule not only affect solubility but also stabilize tricarb−tricarb hydrogen-bonded structures.
Peripheral groups influence the formation/re-formation and strength of adsorbate−adsorbate contacts and also limit solvent
interactions about a macrocyclic core. The combination of simulation and experiment demonstrates the role of the solution-
mediated annealing pathway in the self-assembly of complex supramolecular systems.

■ INTRODUCTION

Since the pioneering work by Rabe,1 studies of molecular self-
assembly at the solution/solid interface have produced great
strides in understanding how supramolecular interactions affect
the structure of self-assemblies and have also produced
functional and potentially useful materials.2 One avenue of
interest is in developing polymorphic systems in which one or
a few molecular building blocks can be programmed to self-
assemble into several distinct structures, each of which has
unique properties and functions. Control over the stability of
each structure and transitions between structures in a
polymorphic system can be obtained through peripheral
functionalization in the molecular design or by controlling
assembly conditions, such as concentration, temperature,
solvent, or host−guest complexation.3−11

Understanding the underlying mechanisms by which
supramolecular systems transition between polymorphs is
essential in improving control and understanding of self-
assembly. To this end, it is well-known that solvation directs
polymorphic self-assembly,10−17 and several studies have
quantified the kinetics and thermodynamics related to
solvation on self-assembly.18−22 In polymer thin films, solvent

annealing has been extensively employed to alter packing and
also to alter macroscopic properties and device perform-
ance.23−32 However, examination of solution-mediated anneal-
ing pathways has not been conducted for 2D self-assembly at
the solution/solid interface. Here, we investigate the role of
solvation and solvent annealing in directing the disordered/
ordered self-assembly of a polymorphic system of macrocycles
at the solution/graphite interface. We do this using a series of
macrocycle molecules (Scheme 1) that are examined by high-
resolution scanning tunneling microscopy (STM) and
molecular dynamics simulations (MD).
Disordered structures have been given little attention at the

solution/solid interface.33,34 With few exceptions,35−40 the
majority of systems studied to date have concentrated on
neatly ordered structures and transitions between them. For
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macromolecular systems (e.g., proteins or polymers) and thin
films, disordered packing and disorder/order transitions are
essential for proper function.41−49 In proteins, proper function
depends on transitions between ordered/disordered structures
and interactions between ordered/disordered domains.41−44 In
organic thin films, order/disorder transitions are observed with
increasing dopant concentration.49 In a diblock copolymer
system, an order/disorder transition has been controlled by
temperature, which shifts the hydrophilicity of the molecular
units.48 Just as in macromolecular systems and thin films where
understanding disorder is essential for understanding function,
understanding disordered self-assembly is an important facet in
producing more complex self-assembled structures.
The majority of previous studies of molecular assembly at

surfaces have been limited by the temporal resolution of
scanning probe techniques. To a lesser extent, molecular
simulations have been used to gain novel molecular-level
insights into solvent−adsorbate−surface interactions and
processes that are not observable with experiment alone.
Expanding our understanding of nanoscale supramolecular
interactions and processes is essential in developing a deeper
understanding of self-assembly.33,50−58

Previous work showed that tricarbazolo triazolophane
macrocycles (tricarb) functionalized with decyl chains
(tricarb-10-10-10, Scheme 1d) self-assemble into an ordered
honeycomb packing at the solution/solid interface.59 High-
resolution STM imaging of these systems allows for precise
determination of the relative molecular orientation and
spacing, which leads to models of the supramolecular packing
that indicate stabilizing hydrogen-bonding interactions.59 STM
findings were supported by a subsequent crystal structure in a
recent work.60 It was also observed in the STM experiments
that the peripheral alkyl chains tend to be excluded from
surface adsorption; that is, the chains back-fold into solution
and do not directly impact structure. However, two recent
experimental and computational studies using different

peripheral alkyl chains of tricarb9,56 reveal that chain length
and functionalization symmetry can play a major role in tricarb
self-assembly structure. We were therefore interested to
examine the role of the chain length; this led to discovery of
a disordered packing phase on the surface,9 and here we report
that the conversion of that disordered structure to an ordered
structure demonstrates a solution-mediated annealing pathway.
In this work, we examine the role of solvation and

temperature in influencing whether various tricarb species
(Scheme 1) access the ordered honeycomb or disordered
structure, and we demonstrate that a solution-mediated
pathway through solvent annealing is essential to transition
disordered structures to ordered honeycomb. STM experi-
ments are complemented by atom-resolved MD simulations to
examine nanoscale dynamics of several tricarb macrocycles and
solvents on graphite.

■ METHODS
All tricarb macrocycles were prepared following previously
published procedures: tricarb-6-6-6,60 tricarb-10-10-10,59

tricarb-6-6-18,9 and tricarb-6-10-Cy.9

Experimental STM Procedures. STM experiments were
performed on an Agilent Technologies 5500 PicoPlus STM
using a Picoscan 1.18.1 controller in constant-current mode.
Tips were mechanically cut from Pt/Ir wire (80:20, 0.25 mm
diameter, nanoScience Instruments). Voltage pulses between 2
and 10 V with 1−3 ms duration were occasionally conducted
to improve image quality. Unless noted, all experiments were
conducted at room temperature.
Samples were prepared by dropping 6 μL of solution via

micropipet onto a freshly cleaved highly ordered pyrolytic
graphite (HOPG) surface (ZYB, 10 mm × 10 mm × 1 mm,
NanoAndMore U.S.A.) at room temperature, unless otherwise
specified. In some experiments the HOPG surface was heated
or cooled before deposition, as noted below. HOPG was
mechanically cleaved by using Scotch tape, and a minor
circular impression was made in the HOPG surface by pressing
a Viton O-ring on the surface for several seconds. The
impression prevented the liquid sample from wicking off the
HOPG surface. Solutions were prepared with 1,2,4-trichlor-
obenzene (≥99%), octanoic acid (≥99%), and toluene
(≥99.5%). Typical scanning parameters ranged from It =
0.05 to 1.7 nA and Vsample = −0.4 to −1.2 V (Table S1).
The STM sample stage has an integrated heater that allows

for temperature control during deposition and scanning. Low-
temperature STM was accomplished by placing a container of
dry ice below the sample plate during scanning. In both cases,
the temperature was monitored using a thermocouple that is
directly attached to the sample stage. Samples heated to 100
°C were subsequently cooled to 30 °C at a rate of −1 °C/min.
As solvent evaporated, warm solvent was added to keep
solution volume and concentration approximately constant.
The amount of solvent added was estimated by visual
inspection of the solution droplet size.

Molecular Dynamics Simulation Design and Con-
ditions. Each system in Table S4 consisted of a four-layer AB-
stacked graphene (HOPG), preformed honeycomb structure
of tricarb molecules, and explicit solvent molecules (if not in a
vacuum). The honeycomb structures were constructed with
the guidance of STM images (Figure S3), following the
strategy introduced in the Supporting Information in a recent
report.56 The preformed honeycomb structure of tricarb
macrocycles was placed 3.5 Å above the HOPG with all

Scheme 1. Tricarbazolo Triazolophane Macrocycles
(Tricarb) with Various Peripheral Groups
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alkyl tails desorbed from the HOPG. See the Supporting
Information of our recent report for a detailed description of
the initial configuration design.
MD simulations were performed using the molecular

modeling software package GROMACS 5.0.4 with customized
force fields (Section S3 of the Supporting Information).61,62

The visual molecular dynamics (VMD) molecular graphics
software version 1.9.3 was used for visualization purposes.63

For each simulation, energy minimization was performed first
via steepest descent algorithm, followed with the conjugate
gradient algorithm. Then, the system was thermalized via 40 ps
NVT simulation at 300 K using V-rescale thermostat.64 The
pressure was maintained at 1 bar with the Berendsen pressure
coupling. The position restraint algorithm was used when
solvents molecules were present; this allowed solvent
molecules to properly relax around tricarb macrocycles as
well as on the HOPG.
The product runs were performed under NVT conditions by

using a Nose−́Hoover thermostat at 300 K with a coupling
constant of 0.5 ps. The vdW interaction was modeled via
Lennard-Jones potential with a switch scheme. The Lennard-
Jones potential was normal out to 1.5 nm, after which it was
switched off to reach zero at 1.7 nm. The Coulomb
interactions were calculated by using the reaction-field-zero
method65 with a 1.7 nm cutoff radius. Periodic boundary
conditions based on cubic computational boxes were used for
system with solvent. Considering the thickness of solvent layer
was twice the distance of the non-bonded interaction range
and tricarb macrocycles were never observed to desorb from
the HOPG, it is guaranteed that tricarb molecules do not
interact with any virtual images.

■ RESULTS AND DISCUSSION
Honeycomb and Disordered Structures.We discovered

structurally disordered domains in the self-assembly of three
tricarb species (Scheme 1a−c) above some concentration
threshold (Figure 1b). The disordered phase is only observed
for three of seven variations of tricarb that we have tested
(Figure S21). These disordered structures are in sharp contrast
to our previous report of the assembly of tricarb-10-10-10.
This C3 symmetric molecule, substituted with three peripheral
decyl chains, exhibited highly ordered self-assembly on HOPG,
forming a honeycomb packing at higher concentrations and a
“flower” phase packing at lower concentrations.59 That
honeycomb structure is also observed for the new tricarb
species, but now in coexistence with the disordered structure at
intermediate concentrations. The disordered structure has no
long-range order and contains a variety of local tricarb−tricarb
contacts,56 although there are two frequently observed
hydrogen bonding motifs (Figures 1e,f). Randomly tiled
terphenyltetracarboxylic acid structures are similar in their
variety of molecule−molecule contacts.38

The 2D packing density of molecules within the disordered
domains (σdisordered = 0.34 molecules/nm2) is slightly higher
than for honeycomb (σhoneycomb = 0.28 molecules/nm2). As the
deposition concentration is further increased, the disordered
domains cover more of the surface (Figure 1c); thus, the total
tricarb surface coverage increases.
The concentration boundary between the formation of

ordered vs disordered structures depends on the length of the
peripheral alkyl chain (Figure 2). Tricarb with three −C10H21
units, tricarb-10-10-10 (Scheme 1d), never self-assembles into
disordered packing, even at concentrations up to the point at

which it precipitates from solution (3 mM, Figure S6).
However, with shorter −C6H13 peripheral groups, tricarb-6-6-6
(Scheme 1a) exhibits some disordered domains as low as ∼3
μM, and the surface is completely covered by disordered
domains at deposition concentrations of 100 μM (Figure S7).
Note that for tricarb-6-6-6 a 100 μM solution in TCB
precipitates after several hours, but a 1 mM tricarb-10-10-10
solution in TCB is stable for several days.
The lower symmetry tricarb-6-6-18 (Scheme 1c) has the

same mass as tricarb-10-10-10 but has nonsymmetric AAB
peripheral groups with two −C6H13 chains and one −C18H37
chain. In this case, some disordered structures are observed
with tricarb-6-6-18 deposited at a concentration of ∼200 μM.
Note that tricarb-6-6-18 also forms a unique gap structure at
low concentrations that is not observed in other tricarb species.
At 200 μM, all three structures (honeycomb, gap, and
disordered) coexist, but honeycomb is dominant.9 Complete
surface coverage of disordered structures is observed at a

Figure 1. STM images of tricarb-6-10-Cy (Cy = methylcyclohexane)
in TCB (6 μL solution) on HOPG at 20 °C. (a) Deposition at 10 μM
results in exclusively honeycomb, (b) coexistence of disordered and
honeycomb structures at 300 μM, and (c) disordered structure at 300
μM. At 1 mM, exclusively disordered structures are formed.
Supramolecular packing models of (d) honeycomb and (g)
disordered with detailed examples of (e) triazole−carbazole and (f)
methylene−triazole non-traditional hydrogen bonding. The unit cell
in (d) has dimensions of a = b = 2.94 ± 0.08 nm and γ = 59 ± 3°.
Scale bars: 5 nm.
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concentration of 1 mM (Figure 2). The deposition
concentrations required to achieve disordered structures for
tricarb-6-6-18 are significantly higher than for tricarb-6-6-6.
With an ABC pattern of −C6H13, −C10H21, and methyl-

cyclohexyl groups (Scheme 1b), tricarb-6-10-Cy self-assembles
into honeycomb and disordered packing structures that under
some conditions are observed to coexist (Figure 1a−c). The
concentration regime in which tricarb-6-10-Cy self-assembles
into honeycomb or disordered structure is similar to that of
tricarb-6-6-18 (Figure 2).
Influence of Deposition Temperature. We conducted

experiments at different deposition temperatures to explore the
relative stability of the disordered and honeycomb structures
(Table 1). When a room temperature solution of either tricarb-

6-10-Cy or tricarb-6-6-18 is deposited on an HOPG surface
(300 μM was chosen for a 1:1 honeycomb:disorder population
at room temperature in TCB), the crystalline honeycomb
structure is favored at higher temperature and the disordered
structure is favored at lower temperature (Figure 3 and Figure
S8; Table 1).

In an equilibrium picture, if one considers only the
configurational entropy of the 2D arrangement of tricarb
molecules on the surface, then the disordered structure clearly
has an entropic advantage. The observation that honeycomb is
favored at higher temperature indicates that the role of the
solvent and dissolved tricarb state are also important
considerations in the growth behavior; i.e., a naiv̈e 2D model
of tricarb configurational entropy is inadequate to describe the
system as this would contradict the expectation of entropy
stabilization at high temperature.66 The high-temperature
stability of the ordered honeycomb structure also suggests
that although the disordered structure is kinetically accessible

Figure 2. Tricarb self-assembly structure as a function of
concentration and peripheral functionalization (solvent: TCB;
temperature: 20 °C). Striped area represents concentrations where
disordered and ordered structures coexist. Dots represent tested
concentrations. Disordered structure is a kinetically trapped state, as
discussed in the text.

Table 1. Fractional Honeycomb Surface Coverage, θHC, in
Self-Assembly of Tricarb as Deposition Temperature and
Solvent Are Varieda

tricarb-6-10-Cy (300 μM) and tricarb-6-6-18 (300 μM)

Tdep (°C) 8 20 50
θHC 0.2 0.5 0.8

tricarb-6-10-Cy (300 μM)

solvent OA/TCB TCB toluene/TCB
θHC <0.1 ≈ 0.5 >0.8

tricarb-6-6-18 (250 μM)

solvent OA/TCB TCB toluene/TCB
θHC 0 ≈ 0.5 >0.7

aθHC = fractional honeycomb coverage; Tdep = deposition temper-
ature.

Figure 3. Three different samples of tricarb-6-10-Cy (300 μM,
solvent: TCB) deposited at surface temperatures of (a) 8, (b) 20, and
(c) 50 °C. More honeycomb domains are present when deposited at
50 °C (c), and more disordered domains are present when deposited
at 8 °C (a). Scale bars = 20 nm.
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under certain conditions, the honeycomb state is thermody-
namically favored.
Postdeposition Treatment. Remarkably, although the

packing structure depends strongly on deposition temperature,
we did not see a change in either the disordered structure or
the honeycomb structure with postdeposition heating or
cooling (Figure S9); that is, the structure determined by the
deposition temperature is stable in either case. For example,
tricarb-6-10-Cy (300 μM) deposited at 50 °C is mostly
composed of honeycomb. Cooling this sample down to 20 and
8 °C did not change the ratio of honeycomb to disordered on
the surface even after 24 h. However, the same molecule at
higher concentration (1000 μM) deposited at 20 °C only
forms disordered structure. When that sample is heated at 100
°C for 10 min and subsequently cooled to 30 °C, it remains as
only disordered structure, even after 10 h.
This strong history dependence clearly points to a kinetic

trapping effect as we do not see the system equilibrate to a
specific packing arrangement at a given temperature. Similar
observations of thermal-history-dependent self-assemblies have
been observed at the solution/solid interface with alkyl-
func t iona l i zed t r i s t y ry lbenzene37 and dehydro -
benzoannulene.11 For both systems, the porous and less
dense structure was thermodynamically favored and formed
when deposition occurred at higher temperatures, but at lower
deposition temperatures, the kinetically favored and denser
packing structure formed.11,37

The lack of ordering with post-deposition annealing may
indicate that on-surface rearrangement is not an important
pathway to lead to the ordered honeycomb structure. This
interpretation is supported by the observation in our studies
that the larger molecules, which should have a lower on-surface
mobility, are more likely to form the honeycomb structure.
We also found that in situ modification of concentration

does not induce post-assembly structural changes. In TCB at
20 °C, tricarb-6-10-Cy self-assembles exclusively into honey-
comb at 10 μM. Upon in situ addition of a 1 mM solution
(final tricarb-6-10-Cy concentration: 800 μM), the surface
structure remains exclusively honeycomb, even after 12 h.
When a 1 mM solution of tricarb-6-10-Cy is directly deposited
onto clean HOPG at 20 °C, tricarb-6-10-Cy instead self-
assembles exclusively into the disordered structure. After in situ
addition of neat TCB to that sample to achieve a final
concentration of 100 μM, only disordered structures were
observed. Remarkably, even after 12 h and heating to 50 °C,
only the disordered structure is observed. A 100 μM solution
of tricarb-6-10-Cy directly deposited onto clean HOPG instead
self-assembles into mostly honeycomb (over 90% surface
coverage).
Post-deposition experiments indicate that a large energy

barrier between honeycomb and disordered assembly stems
from the significant stabilizing influence of tricarb−tricarb and
tricarb−surface interactions. This observation is different from
other self-assembled systems at the solution/HOPG interface
in which post-self-assembly modification was more easily
facilitated.5,11,67−70

Effect of Solubility. Changing the solubility of tricarb
alters self-assembly to either favor honeycomb by improving
solubility or favor disordered structures by decreasing
solubility. The solubility of tricarb molecules was changed by
altering the solvent composition of the solution (Figure 4 and
Figure S10; Table 1) or by altering the peripheral groups of
tricarb (Figure 2).

Changing solvent composition is a well-established method
to alter the solution phase kinetics and structure of protein
assemblies43 and of macrocycles,71,72 including tricarb.59 At the
solution/solid interface, as solubility decreases, trimesic acid
self-assembles into a more dense packing,13 ferrocene
derivatives self-assemble into kinetically trapped islands,16

and annulene derivatives self-assemble into more dense and
kinetically trapped structures.17 In our study, solvent mixtures

Figure 4. Three different samples of tricarb-6-10-Cy (300 μM) with
different solvent compositions. (a) Solvent composed of 1:1 (by
volume) of TCB and octanoic acid (OA). Only disordered structure is
observed. (b) Solvent composed of only TCB. Both disordered and
honeycomb structures are present. (c) Solvent composed of 1:1 (by
volume) of TCB and toluene. Almost entire surface is covered with
honeycomb. Note that toluene is volatile and evaporates within tens
of seconds after deposition. The concentration of this sample while
scanning is 600 μM. Scale bars = 20 nm.
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were used to shift the relative stability of tricarb in the
adsorbed state vs solvated state: TCB was mixed with toluene
(1:1 by volume) to increase tricarb solubility or with octanoic
acid (OA; 1:1 by volume) to reduce solubility.
When deposited from TCB/OA solvent, tricarb-6-10-Cy

(300 μM) self-assembles into almost all disordered structures
(<10% honeycomb) and tricarb-6-6-18 (250 μM) self-
assembles into only disordered structure. Those same two
molecules at the same concentrations in TCB form honey-
comb and disordered structures in roughly equal amounts
(each 50 ± 10%). As the solubility is further increased by the
addition of toluene to create a TCB/toluene mixture, the
tricarb-6-10-Cy macrocycle (300 μM) self-assembles into over
80% honeycomb while tricarb-6-6-18 (250 μM) self-assembles
into 70 ± 10% honeycomb. It is important to note that toluene
is volatile; thus, the solvent mixture is only a transient effect.
By lengthening the duration of the solvent mixture, either by
adding more toluene or impeding toluene evaporation by
placing the sample in a closed container, more honeycomb is
formed. We also note that due to the toluene evaporation, the
concentration of tricarb doubles during the experiment; if an
experiment is started with that high concentration, we only
observe disordered structure.
As solvent composition of the molecule affects surface

packing, we also adjusted the solubility by molecular design,
that is, by modification of the peripheral functional groups that
largely determine solubility. Of the seven tricarb species tested
(Figure 2 and Figure S21), only tricarb-6-6-6, tricarb-6-10-Cy,
and tricarb-6-6-18 self-assemble into a disordered structure.
These three species have shorter peripheral groups (hexyl and
methylcyclohexyl moieties) and display the lowest solubility of
the other tricarb variations. Counterintuitively, the tricarb
species with the lowest (individual) conformational entropy
(shortest alkyl chains, tricarb-6-6-6) self-assembles in the
disordered structure; i.e., it has the greatest tendency to form
the packing structure with the highest packing entropy.
Conversely, the tricarb species with the highest solubility in
TCB (longest alkyl chains; tricarb-8-8-8, tricarb-9-9-9, tricarb-
10-10-10, and tricarb-18-18-18; Figure S21) do not self-
assemble in the disordered structure but only form the ordered
honeycomb structure, which has lower packing entropy. As
discussed above, focusing only on the 2D configurational
entropy of adsorbed tricarb does not provide a complete
picture as there are other compensating entropic effects in this
system.
Honeycomb Domain Size. Increased solubility and

increased deposition temperature not only promote honey-
comb structure over disordered structure self-assembly, but
also promote the assembly of larger honeycomb domains. We
have analyzed the domain sizes for the honeycomb structure
for multiple tricarb species, solvents, concentrations, and
deposition temperatures (Table S6). Higher concentrations
result in smaller domains of ordered structures, as expected for
a kinetically limited growth mechanism. For example, at 100
μM, tricarb-10-10-10 forms honeycomb domains in the range
of ∼600 to >10000 nm2, but at 3000 μM the domain size is
only 30−6500 nm2. Comparison is limited to this concen-
tration range in which the honeycomb structure is observed
and tricarb is readily soluble.
Of the four tricarb species studied in this work, only two,

tricarb-6-6-6 and tricarb-6-10-Cy, have an overlapping
concentration range in which honeycomb is the exclusive
packing structure. Thus, these allow for a direct comparison of

the impact of macrocycle structure on domain size at the same
concentration. At the overlapping concentration (1 μM), there
is no difference in honeycomb domain size between these
molecules (Table S6).
Domain size, like ordered vs disordered packing, is also

strongly impacted by solvent choice or by deposition
temperature. Either tricarb-6-6-18 or tricarb-6-10-Cy (each at
300 μM) produces mostly disordered structure with small
honeycomb domain areas of ∼500 nm2 or less when deposited
either from TCB/OA or at 8 °C. However, deposition of the
same tricarb species from TCB/toluene or at 50 °C (both of
which promote honeycomb self-assembly) results in larger
honeycomb domains of ∼1500 to 8000 nm2.
These observations together show that the same conditions

that promote ordered self-assembly (e.g., lower concentrations,
better solubility, or higher temperatures) also result in larger
honeycomb domains, while conditions that promote disor-
dered self-assembly (e.g., higher concentrations, lower
solubility, or lower temperatures) result in smaller honeycomb
domains.

Solvent Annealing. Unlike thermal annealing, which
cannot induce a post-self-assembly modification, in situ
addition of toluene promotes the transition to honeycomb
from disordered structures through solvent annealing. At the
lowest concentration (1 mM, 1 μL, TCB solvent) at which
tricarb-6-10-Cy exclusively forms the disordered structure, the
in situ addition of 16 μL of toluene can induce a post-assembly
change to ∼70% honeycomb surface coverage (Figure S11a).
This structural change is observed immediately in STM
imaging. The honeycomb structures are stable over the course
of several hours. The same experiment with TCB has no effect;
with in situ addition of 16 μL of TCB to a tricarb-6-10-Cy
sample (1 mM, 1 μL, TCB solvent), no change in self-assembly
was achieved even after 4 h. During the course of ∼5 min, the
added toluene rapidly evaporates with the droplet size
shrinking back to original size. This observation suggests that
the structure change is not a transition between different
thermodynamically favored structures but an annealing effect
to overcome a kinetic barrier.
Toluene annealing has a lessened effect with tricarb-6-6-18.

At the lowest concentration (1 mM, 1 μL, TCB solvent) at
which tricarb-6-6-18 forms exclusively disordered structures,
no change in self-assembly occurs after in situ addition of 16
μL of toluene. However, at a lower concentration at which
tricarb-6-6-18 forms ∼10% honeycomb (500 μM, 1 μL, TCB
solvent), in situ addition of 16 μL of toluene changes the
surface coverage to roughly 30% honeycomb.
Although deposition from octanoic acid (OA) promotes the

disordered structure, in situ addition of OA (2 μL) into a
tricarb-6-10-Cy sample (10 μM, 2 μL, TCB solvent) that is
exclusively honeycomb does not produce any change in
structure (Figure S11b). In other words, while in situ toluene
solvent addition can induce a post-self-assembly transition
from disordered structure to honeycomb structure, we have
not observed the reverse process, in which a different solvent
addition would facilitate a change from honeycomb to the
disordered structure. This along with variable temperature
studies (vide supra) indicates that honeycomb is the
thermodynamically favored structure.
Several prior studies have also reported improvement in

molecular structures due to solvent effects.16,23−28,31,32

Analogous solvent annealing results have been widely reported
in polymer systems as a viable pathway to improve order and
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function.23−32 Solvent annealing can form more ordered
structures both at larger length scales and at faster time scales
compared to thermal annealing24,25 and has other advantages
over thermal annealing, including that degradation of the
monomers is not an issue23,25,26 and that solvent evaporation
can be better controlled.24

In light of these prior studies, our observations of (1)
solubility-dependent ordering upon deposition, (2) temper-
ature-dependent ordering, (3) honeycomb domain size, and
(4) structural ordering with solvent addition suggest a solvent-
annealing pathway. Together, these results show that the
increased solubility of tricarb allows a new assembly
mechanism toward ordered honeycomb structure. We suggest
that this mechanism consists of some tricarb desorption from
the surface into a solvated state, allowing other tricarb to
reassemble into the lower density honeycomb packing. This
proposed solvent-mediated annealing mechanism, involving
desorption and readsorption steps, is consistent with the
ineffectiveness of thermal annealing to produce a transition and
with our observation that larger (more soluble and less mobile)
tricarb species more readily form honeycomb structures. Our
experimental observations are not consistent with a purely on-
surface rearrangement mechanism.
Adsorbate−Adsorbate and Adsorbate−Substrate In-

teractions. MD simulations provide further validation that
honeycomb is thermodynamically favored. At the vacuum/
HOPG interface, simulations of tricarb-1-1-1 showed that it
formed two packing structures: ordered honeycomb packing
and a high density packing with only methyl−triazole
intermolecular contacts (Figure 1f). We calculated the average
energy needed to remove one tricarb-1-1-1 molecule from an
array of 52 molecules: 538 ± 6 kJ/mol for the honeycomb
structure and 500 ± 8 kJ/mol for the high-density packing
structure (Figure S12). The honeycomb structure is enthalpi-
cally favorable.
Disordered structures have a higher packing density

(σdisordered = 0.34 molecules/nm2) than honeycomb structures
(σhoneycomb = 0.28 molecules/nm2), but the regular triazole−
carbazole hydrogen bonding between tricarb molecules in
honeycomb apparently outweighs any energetic advantage due
to the higher packing density in the disordered structure.
Triazole−carbazole contacts, which are present in both
honeycomb and disordered structures, are 12 kJ/mol more
favorable than triazole−methyl interactions, which are only
observed in the disordered structures (Figure S13). Other
studies have shown examples of low-density supramolecular
assemblies stabilized by advantageous intermolecular inter-
actions.73−77

Alkyl Chains Protect Honeycomb Stability. Compar-
ison of tricarb simulations of different peripheral alkyl length
suggests that triazole−carbazole hydrogen bonding alone fails
to preserve the experimentally observed honeycomb structure.
For simulations with explicit TCB solvent, tricarb-1-1-1 (82.3
mM) deteriorates into disordered structure, tricarb-6-6-6 (67
mM) lost honeycomb structure on the edges, and tricarb-10-
10-10 (61.2 mM) remains in the stable honeycomb structure
(Figure S4), in spite of the fact that the triazole−carbazole
contacts for these are identical. These observations are
consistent with our previous MD work simulating tricarb at
the vacuum/HOPG interface, where interactions between
peripheral groups and the macrocyclic core promote ordered
packing.56 These MD observations are made on a simulation
time scale of up to 100 ns. We note that the computational

cost of these atomistic simulations does not currently allow for
the significantly longer time scales that would be required to
simulate surface self-assembly starting from solution or
structural transformations between surface structures.
MD simulations allow molecular-level observation of the loss

of order in tricarb-1-1-1 (and partially in tricarb-6-6-6)
honeycomb structure, and this loss is triggered by the insertion
of TCB solvent molecules. Adsorbed tricarb molecules are
surrounded by TCB molecules, both co-adsorbed on HOPG
and in solution, that can attack the tricarb−tricarb interaction.
TCB molecules can insert themselves in between tricarb
molecules, form local dipole−dipole interactions with the sides
of the tricarb macrocycle, and lay flat on the surface to fully
disrupt the tricarb−tricarb hydrogen bonding (Figure 5 and
Figure S15).

When the solvent is changed to toluene in MD simulations,
there is much less deterioration of the honeycomb structure.
Tricarb-1-1-1 (82.3 mM) deteriorates into the disordered
structure at a slower rate in toluene (Figure S20) compared to
TCB (Figure S19). Both tricarb-6-6-6 (67 mM) and tricarb-
10-10-10 (61.2 mM) preserve the honeycomb structure
(Figure S5) in toluene.
The large-scale difference between the two solvents can be

rationalized by local observations from MD. When TCB
molecules adsorb between two tricarbs on the surface, they
have a mean residence time of 100 ps to 10 ns, while toluene
has a typical residence time of only tens of picoseconds.
Therefore, although fractures between neighboring tricarbs
(for tricarb-10-10-10 and tricarb-6-6-6) are more frequently
observed in toluene than in TCB, these fractures are more
frequently seen to heal themselves in toluene (Figure S18).
Even fractures between tricarb-1-1-1 molecules are able to heal

Figure 5. Representative example of loss of honeycomb structure
triggered by the insertion of TCB molecules. Two TCB molecules
(one from solution and one adsorbed on HOPG) make a concerted
insertion in between tricarb macrocycles. Tricarb-1-1-1 macrocycles
are in blue. TCB molecules are colored by atom type (Cl = ochre, H =
white, C = cyan). (a) Initially, TCB1 hovers in solution above two
contacting macrocycles, while TCB2 is initially adsorbed to the
HOPG. (b) After 25 ps, TCB1 moves in between two macrocycles
and (c) then lays down on the HOPG. (c) After 0.5 ns, TCB2
migrates in between the two macrocycles. (d) After 25 ps, both TCB
molecules reorient themselves to form hydrogen-bonding contacts
between each other and tricarb macrocycles.
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themselves in toluene (Figure S17). In TCB, self-healing is
only observed with tricarb-10-10-10 (Figure S14), while
disruptions in the honeycomb lattice of tricarb-6-6-6 and
tricarb-1-1-1 are not reversible. We also note that deterioration
of honeycomb networks in toluene only starts from domain
edges (Figure S20), but in TCB, solvent disruption occurs
throughout the honeycomb domain (Figure S19).
The strong dependence of these effects on peripheral alkyl

chain length points to important roles of the peripheral groups
on honeycomb stability. First, the honeycomb pores are filled
with tricarb alkyl chains and with co-adsorbed solvent. Longer
alkyl chains sterically block the area around the tricarb−tricarb
contacts that the solvent would need to access to disrupt the
structure (Figure 6 and Figure S16). Comparing simulations of

tricarb-10-10-10, tricarb-6-6-6, and tricarb-1-1-1 (Figures S4
and S5), we see that larger side chains allow less coadsorbed
solvent within the honeycomb pores. Second, alkyl chains that
are not adsorbed to the surface tend to stay in the vicinity of
the tricarb macrocycle sides (Figure 6, Figures S4 and S5) and
thus provide a steric block against direct attack of solvent
molecules to the hydrogen-bonding tricarb−tricarb contact.

■ CONCLUSIONS
These experiments demonstrate that the transition from tricarb
disordered structure to the thermodynamically favored honey-
comb structure involves a solution-mediated pathway. The
ordered honeycomb structure is favored in initial growth by
high deposition temperature, better solvent, or longer
peripheral chains; each of those increases solubility of the
tricarb and thus facilitates a solvent annealing pathway.
Thermal annealing, however, is ineffective to induce
postdeposition structural change from the disordered structure
to the honeycomb structure, which suggests that an on-surface
rearrangement pathway is not accessible. A solution-mediated
pathway, facilitated by toluene addition (but not by
trichlorobenzene or octanoic acid), does allow in situ structural
rearrangement from disordered structure to honeycomb. MD
simulations corroborate that the honeycomb structure,
although it has a lower packing density, is energetically favored
relative to the disordered structure due to more favorable
lateral hydrogen-bonding contacts.

Experiments show that the larger, more soluble tricarb
species access the honeycomb structure over a wider
concentration range than smaller species. MD simulations
support the higher stability of larger tricarb species in
honeycomb domains through molecular-level insight. The
simulations demonstrate that longer peripheral groups impede
the disruption of adsorbed tricarb−tricarb contacts by blocking
solvent insertion. The alkyl chains also preserve tricarb
honeycomb order by increasing adsorbate−adsorbate and
adsorbate−substrate vdW interactions. This combined STM
and MD investigation demonstrates that macrocycle−macro-
cycle contacts are interrupted by solvent, that these contacts
can self-heal, that longer peripheral chains stabilize the
structure, and that solvent annealing pathways are important
in the self-assembly of complex macrocycle systems.
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