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Molecular islands of various shapes and sizes composed of a few
tens of molecules only are formed at the liquid—solid interface, at
room temperature, by an alkoxylated dehydrobenzo[12]annulene
(DBA) derivative. Molecules are packed into hexagons. Scanning
tunneling microscopy reveals the variety in molecular island
structures and their stability. For molecular islands up to 7 hexagonal
pores, all 244 possible structures are simulated and compared with
experimental observations. Force field calculations give insights into
the relative stability of the molecular islands and the factors
contributing to it.

Self-assembly of molecules on a solid surface is regarded as a
promising method for making defined two- or even three-
dimensional (2D, 3D) structures.'™ By selecting the solvent and
substrate, and controlling the solute concentration and tempera-
ture, diverse self-assembled molecular networks (SAMNs) can be
constructed.”” Moreover, strategies such as host-guest chemistty,
chiral induction and amplification, and confinement effects have
been investigated in order to regulate the molecular arrangement
in SAMNs.>*®° The self-assembled structures are stabilized via
non-covalent interactions.'®*> Research of SAMNs has witnessed
rapid progress in supramolecular chemistry, nanoscience and
technology, and interfacial materials."*'* The SAMN formation
process at the liquid-solid interface is often described in terms of
classical theories involving nucleation, free growth, and ripening,
and under favorable dynamic growth conditions, a large area
thermodynamically stable phase may be formed.™

Scanning tunnelling microscopy (STM) is a preferred tool to
visualize the packing of molecules on conductive substrates.®'”
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Few studies address the formation of very small, isolated domains
at the liquid-solid interface, in contrast to studies under ultrahigh
vacuum conditions.'®* Small clusters of molecules at the liquid-
solid interface are often very dynamic (in-plane and out-of-plane
dynamics) at the time scale of STM imaging and may remain
undetected. Often, successful STM imaging goes hand in hand with
the formation of SAMNSs covering the full surface, consisting of a
mosaic of domains with different sizes, shapes, and orientations.*®

In this work, we explored the formation and self-assembly of
very small domains which are constructed by several dozens of
molecules only. An alkoxylated dehydrobenzo[12]annulene (DBA)
derivative, DBA-OC13 (Fig. 1a), was selected, familiar to us from
previous studies,”®*® as we noticed the unusual stability of very
small clusters, under submonolayer coverage conditions, ie. at
low DBA-OC13 concentrations (1.0 x 10 ° M and lower). Under
this condition, DBA-OC13 forms molecular clusters or islands
with hexagonal pores at the interface between 1-phenyloctane
and highly ordered pyrolytic graphite (HOPG) (Fig. 1b-d). STM
results reveal that for the same number of hexagonal pores,
molecular islands of different structures are formed. According
to the experimental data, we simulated all the possible DBA-OC13

Ci3H270,

DBA-0C13

Fig. 1 (a) Chemical structure of DBA-OC13. (b) Schematic model of a
hexagonal porous structure. (c) Schematic illustration of the formation of
molecular “islands” at the liquid—solid interface. (d) Large-scale STM image
of SAMNs formed by DBA-OC13 at the 1-phenyloctane—HOPG interface.
Ovals in different colors indicate different small molecular “islands” around
the large “islands”. Scanning parameters: Vs = —0.20 V, Iy = 200 pA.
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clusters as a function of the number of hexagons formed. With
Dreiding force field calculations, the intermolecular interactions
were determined and are used as one of the elements to assess
the stability of the molecular islands.

At a low concentration of 1.0 x 10~® M, STM observation
reveals that all the DBA-OC13 molecules are arranged into a
hexagonal porous structure (Fig. 1d and Fig. S1 and S2) at the
interface between HOPG and 1-phenyloctane. The experimental
details are described in the ESL 1 At this concentration, the HOPG
surface cannot be entirely covered. Separated domains form,
which match the classical view of a nucleation and growth
process. An interesting phenomenon is that besides the large
domains, some isolated small domains coexist (Fig. 1d), which
we refer to as molecular islands. Such small islands are rarely
reported at the liquid-solid interface.® Their appearance must
be the result of stabilizing intermolecular interaction. The islands
are typically surrounded by bright fuzzy features, which arise
most likely because of mobile DBA or solvent molecules on the
surface. We consider that these mobile molecules contribute to
the formation of the isolated small islands. Moreover, a
concentration-determined moderate growth rate to nucleation
rate ratio also contributes to the island formation.

We experimentally identified 15 types of molecular islands
(Fig. 2). Their STM images are sorted by increasing number of
supramolecular pores. Models for these 15 patterns are sum-
marized in Fig. S3 (ESIY). In addition to the regular hexagonal
pores, some pentagonal pores and filled hexagonal pores, the
latter being most likely the result of auto host-guest complexa-
tion, were observed as well (Fig. 2). We have previously reported
that the formation of the pentagonal pores is promoted on
defect-rich substrates, while the host-guest pores tend to
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appear at higher solution concentrations.**”*® Since they
represent only a minority in the current study and disappear
in time after continuous scanning, these pores were excluded
from statistical analysis and force field calculations (vide infra).

Moreover, some isolated molecules at the edge of the hex-
agonal pores are also not stable. Successive STM scanning of the
same area revealed their dynamic appearance and disappear-
ance (Fig. S4, ESIt). From these results, we conclude that for
stable STM imaging at the liquid-solid interface, the DBA-OC13
molecules should be involved in a hexagonal pore framework.

For the same number of hexagonal pores, DBA-OC13 mole-
cules can pack into molecular islands of different shapes
(Fig. 2). For example, for the case of five pores, two different
islands are observed (Fig. 2e; and e,). We define the number of
hexagonal pores as n. The larger the value of n, the more
different island patterns may theoretically form. Nevertheless,
the experimentally observed number of patterns for a given
value of n (n > 3) is far below what is theoretically possible.
Hence, the question arises: what limits the number of
experimentally observed molecular island patterns?

Force field calculations were carried out to compare the
intermolecular interaction energies of the observed molecular
islands. The details on the force field calculation, the optimized
island models (Fig. S3), and the calculated energies (Table S1)
are described in the ESI.¥ Molecule-substrate interaction ener-
gies were ignored, as we did not expect them, at the level of
individual molecules, to depend on the island size. Anyhow, we
ran some tests and fluctuations in the molecule-substrate
interaction energy value were indeed not island size related.
Let us take the three-pore shapes in Fig. 2¢; and c, as examples
for the consideration of the intermolecular interaction energies.

Fig. 2 STM images of different kinds of molecular islands that contain (a) 1 pore, (b) 2 pores, (c1)—(c4) 3 pores, (di)—(ds) 4 pores, (e1) and (e) 5 pores, (fy)
and (f,) 6 pores, (g) 7 pores and (h) 8 pores. The green and red ovals indicate the host—guest and pentagonal pores, respectively. Scanning parameters: Vg

=—-0.20V, I = 200 pA.
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Fig. 3 Schematic diagrams of the 15 possible models for n = 5. N
represents the total number of DBA-OC13 molecules in every model. 5-
1 to 5-15 are their serial numbers. The longest linear strand of adjacent
hexagonal pores is indicated in color.

Their intermolecular interactions were calculated to be —97.6
and —96.0 k] mol ™" per molecule, respectively. Note though that
energy must be compared taking the difference in the number
of molecules into account. Therefore, a parameter (F) that
reflects the relationship between the number of hexagonal
pores (n) and DBA-OC13 molecules (N) is introduced.

F(n, N) = N/n

The value of F(n, N) denotes the average number of DBA-
0OC13 molecules per hexagonal pore.

We simulated all possible models with n changing from 1 to 7
(Fig. S6, ESIt). This resulted in 244 models. Their schematic
diagrams are summarized in the ESL{ As an example, the 15
possible models for 7 = 5 are shown in Fig. 3, which are numbered
from 5-1 to 5-15. The number of DBA-OC13 molecules ranges from
N =19 to N = 22. The more common edges these hexagonal pores
have, the lower the value of N is. More common edges result in
more compact islands. Therefore, F is a measure of the compactness
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of the molecular islands. The lower the value of F, the more
compact the islands, and vice versa.

Fig. 4 shows the relationship between the intermolecular
interaction energies of these 244 simulated models and F,
expressed per hexagonal pore and per molecule. As F increases,
the total intermolecular interaction energy per pore increases
(Fig. 4a), which is the logical consequence of the increasing
average number of DBA-OC13 molecules per hexagonal pore.

It is clear that the smaller the F, the larger the intermole-
cular interaction energy per molecule (Fig. 4b), as the number
of interactions per molecule increases. Consider the two
models numbered 5-1 and 5-6 in Fig. 3. 5-1 (F = 4.4) is a linearly
arranged structure, while 5-6 (F = 3.8) is a compact island. Their
intermolecular interactions are —100.6 and —103.3 k] mol™*
per molecule, indicating larger intermolecular interaction ener-
gies for compact islands. Moreover, according to our STM data,
as the hexagonal pore number increases, e.g. n > 5, the linearly
arranged islands with the largest F value have never been
observed. In summary, at the level of intermolecular interaction
energies, a more compact packing of DBA-OC13 (low F value) is
preferred over a less compact one (high F value).

Does this also mean that islands with a low aspect ratio are
thermodynamically more stable than those with a high aspect
ratio? First of all, it is important to note that kinetic effects***°
are ignored, which may be justified given that the islands remain
dynamic even after the islands are formed (Fig. S4, ESI{). A
rigorous quantitative approach to assess the thermodynamics,
which would involve diverse experimental methodologies, is
beyond the scope of this study and is not possible given that
the islands are minority species on the substrate.>* Qualitatively
speaking, the enthalpy gain due to van der Waals interactions
between interdigitated alkyl chains comes at an entropy cost
(translational, rotational, conformational). One may argue that
the entropy cost due to alkyl chain interdigitation will be larger
than the entropy cost for alkyl chains at the rim of molecular
islands, as these alkyl chains may be partly desorbed. Following
this reasoning, from an entropy point of view, islands with a
large aspect ratio and a large rim with few interdigitated alkyl
pairs should actually be more stable. Experiments show the

O

-85 [+

©
S
!

©
a
]

-100 4

AE (kJ/mol per molecule)

-105+ %a

-110 T T T
3.0 345 4.0 4 5 5.0 55 6.0

F(n, N)

Fig. 4 Calculation of the intermolecular interaction energies for the 244 molecular islands corresponding to n < 8, expressed (a) per hexagonal pore
and (b) per molecule. Many data points overlap. The molecular islands that correspond to those in Fig. 2 are highlighted in Fig. S5 (ESIt).
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opposite. Therefore, while simplified, the interaction energy per
molecule or pore is considered a good proxy for the experimen-
tally observed island stability, at least in this study.

In conclusion, we successfully identified small molecular
islands at the liquid-solid interface. These islands are formed by
an alkoxylated dehydrobenzo[12]annulene derivative, DBA-OC13.
These separated clusters are stable on HOPG. Based on the STM
observation of such molecular islands, force field calculations were
conducted. For the representation of a given molecular island
shape, we introduced the function F(n, N) which is the average
number of DBA-OC13 molecules per pore. Therefore, F is a
measure of the structural compactness. The force field calculations
for 244 possible molecular island models with n = 1-7 suggest that
the lower the F value, the more stable the molecular island will be,
taking into account some enthalpy and entropy considerations.
When forming a molecular island, DBA-OC13 molecules prefer to
arrange in a more compact shape (low aspect ratio), which can be
explained on the basis of intermolecular interaction energies.
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