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Orientational Growth of Flexible van der Waals

Supramolecular Networks

Haoxuan Ding, Xin Zhang, Bosheng Li, Yitao Wang, Chunqiu Xia, Haoyu Zhao,
Hualin Yang, Ying Gao, Xiaorui Chen, Jianzhi Gao,* Minghu Pan,*

and Quanmin Guo*

The capacity for nanopatterning and functionality is a promising facet of
supramolecular self-assembly. However, the formation of molecular frame-
works entirely dependent on van der Waals (vdW) interactions is infrequently
explored. Herein, 2D vdW supramolecular structures are synthesized through
the self-assembled cocrystallization of Cgo and decanethiol (DT) molecules on
Au(111) surface. Notably, the system eliminates the need of functional groups
for specific bonding between adjacent units. The conformation Cgo/DT is
delicately manipulated by adjusting molecular coverage and annealing tem-
perature. The absence of directional bonding between Cgo and DT molecules
facilitates the formation of a variety of stable phases at room temperature (RT),
such as 1) porous Cgy networks with thiol-filled pores and 2) self-synthesized
(Ce0)n nanochains with thiol spacers interspersed between the chains are
achieved and visualized by scanning tunneling microscopic imaging under RT.
This innovative integration of the vdW interaction unveils new avenues for
developing supramolecular patterns characterized by their comparatively weak

1. Introduction

Supramolecular self-assembly provides an
efficient mechanism for creating complex
systems maintained through noncovalent
bonds."? This phenomenon entails sponta-
neous, self-organized aggregation of discrete
or interconnected components.** Although
the methodology is relatively straightfor-
ward, self-assembly predominantly relies
on a heuristic approach with an element
of trial and error.”! Nevertheless, a growing
interest is being observed in designing
bicomponent  self-assembled  networks,
which precisely orchestrate chemically
diverse molecular building blocks within a
regular matrix.!*”) Such bicomponent struc-
tures are anticipated to manifest functions
unattainable from their single-component

but exceptionally adaptable bonding.
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counterparts.[s]
Additionally, supramolecular self-assem-
bly is increasingly recognized as an efficient
approach for examining the interplay between fullerene deriva-
tives and substrates.””! A ubiquitous example is bicomponent sys-
tems embodying host—guest architectures, where one component
constitutes the host frameworks and the other assumes the guest
role, filling spaces within the host framework."” In specific sce-
narios, intrinsically porous building blocks are utilized to generate
the host network.'! These building blocks exhibit covalent cavi-
ties, a property intrinsic to their chemical structure.'?

A distinct subclass of host networks with covalent cavities
includes 2D surface covalent organic frameworks (2D-sCOFs),[**!
recently deployed for trapping guest Cg molecules.¥
Alternatively, when forming the host network, the precursor mol-
ecule can construct a porous framework through self-assembly on
surface, facilitated by strategically placed Cgo molecules into the
molecular framework, such as hydrogen bonding functional
groups"™ or elongated alkyl chains.!"

Nonetheless, certain complex molecular networks comprising
binary components cannot be easily classified as host—guest net-
works, primarily because neither of the two assembling compo-
nents is able to form a host network to begin with. However,
these two components can form a cohosted network through
distinct intermolecular interactions, resulting in a cocrystalline
arrangement''’'® dictated by a defined unit cell™ or a
random mixture.’® The phase transition is explained by the
competition between molecule-molecule and molecule surface

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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interactions."® These nonhost-guest bicomponent networks on
surfaces are widely studied in ultrahigh vacuum (UHV)*?! and
under ambient conditions;*"! they can be categorized according
to dominant intermolecular interactions in the stabilization of
self-assembly on surfaces, such as hydrogen bonding,*? halogen
bonding,®* or metal-ligand coordination.** Cg, does not have
functional groups; hence, its interaction with other molecules
relies on cooperative interactions where the stability of 2D assem-
blies depends on the simultaneous interaction among many mol-
ecules instead of that of the nearest neighbor molecules.*>~?*!
Herein, this study investigates the formation of 2D van
der Waals (vdW) supramolecular structures through the
self-assembled cocrystallization of decanethiol (DT) and Cgo mol-
ecules on an Au(l1l) surface at room temperature (RT).
Given the absence of specialized functional groups on either
the DT or the Cgo molecules, the coexistence of such conformers
allows for the creation of intricate supramolecular architectures.
However, the practical control of supramolecular nanostructures
presents significant challenges. We have explored the Cgo/DT
coassembly with flexible phase transition on Au(111) substrate
using high-resolution scanning tunneling microscopy (STM).
As illustrated in Figure 1, the DT/Au(111) self-assembled
monolayer (SAMs) serves as the molecular template (also can refer
to Figure S1, Supporting Information). The adsorption of DT on
Au(111) results in the formation of Au-adatom—decanethiolate,
the AAD unit!”” The AAD unit can be represented as
RS-Au-SR (R = CH;3(CH,)o).?**"! The RS-Au-SR staples form
long-range ordered crystalline domains at saturation coverage with
a nearest neighbor distance of 0.5 nm. A combined sulfur-gold
interaction and the vdW interaction between the alkyl chains

www.small-structures.com

stabilize the ordered thiol monolayer. The alkyl chains tilt about
30° from the surface normal at high coverage. Also, they are found
to lie nearly flat on the surface at low coverages.l*”

Earlier studies on this system unveiled phase-separated Cgo
and thiols on Au(111) with no signs of a regular mixture.**~*]
A saturated octanethiol (OT) monolayer®®! can prevent Cqo mol-
ecules from reaching the Au(111) substrate except at locations of
defects. On a propylthiol monolayer, Cqo forms close-packed
domains even at 100 K with clear phase-separated domains of
Cgo and thiol at RT. The relatively short propyl chains do not offer
strong enough interactions with Cgo. Hence, no ordered Cgo—
thiol mixture is observed at any coverage of propylthiol.>*
Here, we take a different approach, preparing the DT layer with
less than the saturation coverage. This approach effectively pro-
motes the trapping of Cgo molecules and opens the path to form-
ing cocrystals of Cg and DT. The DT/Au(111) SAMs sample is
heated in a UHV chamber to 393 K for 2h, leading to partial
desorption of DT and the emergence of the striped & phase with
a coverage of 0.23 ML (one monolayer is defined as one DT mol-
ecule per surface Au atom), wherein each segment comprises a
small number of AAD units, as depicted in Figure 1a and Figure
S1d, Supporting Information. Subsequently, around 0.045 ML of
Cgo molecules are deposited onto the DT striped phase mono-
layer and incorporated into the AAD units via defect sites
between staggered DT segments. Due to the favorable Cgo—Cgo
and Cgo—thiol interaction directed self-assembly, the supramolec-
ular Cgo framework manifests with thiol-filled pores in Figure 1b.
The porous structure transforms into Cgy nanochains upon
annealing with thiols occupying the space between neighboring
Ceo chains, as shown in Figure 1c. This research elucidates the
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Figure 1. Schematic illustration of the design principle of C¢o/DT coassembly on surface. a) Schematic of the striped phase consisting of rows of AAD.
Each red bar represents the S—Au-S axis, with the alkyl chains not shown for clarity. b) Porous Cg framework with pores filled with AAD. Cgo molecules are
shown according to the observed STM images, but AAD is shown for illustrative purposes only, as the exact locations of AAD have not been accurately
determined. c) Cgo nanochain array confined by the aligned AAD units.
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competition between equilibrium and metastable phases steered
by molecular coverage, molar ratios, and annealing temperature.

2. Results and Discussion
2.1. Cgo Dimerization within DT/Au(111) Matrix

Prior research examining the deposition of Cyo onto saturated
octanethiol (OT) monolayers (0.33 ML) has shown that the full
coverage OT monolayer exhibits limited receptivity to Cgp,>*
with Cgo molecules being incorporated into the OT monolayer
through a small number of defect sites?®® (also refer to Figure
S2, Supporting Information). In the current investigation, we
remove a fraction of thiol molecules via thermal desorption.
The remaining thiols are reorganized into a striped structure.
The striped structure consisting of staggered AAD rows offers
regular docking sites for Cg. An STM image presented in
Figure 2a shows the formation of a number of Cg islands after
deposition of Cg, onto DT/Au(111) which is kept at RT.*"
Contrary to observations of Cgo adsorption on bare Au(111),*%
it is rare to observe close packed Cgo molecules in this stage.
Figure 2a suggests that the Cq islands nucleate at some par-
ticular sites, presumably defects within the DT layer. Once a
nucleus is formed, it expands by capturing more Cg molecules.
In contrast to the formation of close packed Cgg islands on bare
Au(111), hardly any Ceo islands are formed from step edges on

Cyo Dimer Axis

(112) (110]

e
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the DT/Au(111) surface. This is either due to the steps being
heavily passivated by thiols or the diffusion of Cgo toward the
steps hindered by the AAD rows. Our observations indicate that
Cgo molecules form Cgo dimers and initiate growth from defects
within segmented DT rows (refer to Figure S2a, Supporting
Information). The Cqo molecules are observed to be 0.43 nm
taller than the baseline level established by the DT striped phase.
DT has an apparent height of 0. 18 nm when measured using
STM from bare Au(111) substrate. Thus, Cgo appears 0.61 nm
taller than the Au(111) substrate. This height is consistent with
Cgo molecules embedded within the DT self-assembled mono-
layers (SAMs) and directly bonded to the gold substrate,*”*®
analogous to golf balls in a patch of grass. Upon landing, Cso
molecules diffuse over DT until they find a docking site which
is usually a defect within the DT layer. At the docking site, the Cg
molecule moves downward and becomes directly attached to
Au(111). As more and more Cgo molecules are added, DT needs
to give up some of its territory. This is achieved by moving the
alkyl chain from a nearly flat-lying configuration toward the sur-
face normal in junction with lateral movement of DT molecules.
The end result is that DT molecules as a whole occupy smaller
area on Au(111) after Cq( are incorporated. This is equivalent to
compression of the DT layer into a higher density phase.**!
Figure 2e shows a schematic diagram illustrating the relation-
ship between Cgo molecules and AAD units in various locations.

Figure 2b illustrates the [110] and[112] directions of Au(111)
as indicated by the blue and green arrows, respectively.

Figure 2. The initial growth of mixed C¢o/DT islands at RT. a) STM image (120 nm x 120 nm) shows domains of C¢o/DT coexisting with DT striped & phase
on the Au(111) surface. The green arrow denotes the [112] direction, which also aligns with the DT rows in the & phase. The blue arrow signifies the [170]
direction, the angle between Cg( dimer axis and [170] direction is 14° (V, = 1.5V; I, = 0.3 nA). b) High-resolution STM image (45 nm x 45 nm; V,=1.5V;
Iy = 0.3 nA) of top left domain of (a). Cgo monomer, dimer, and trimer are delineated by red, yellow, and green rectangles, respectively. A blue rectangle marks
the metastable Cgo square pore. The inset (10 nm x 10nm; V, =1.8V; I;=0.3 nA) provides a magnified view of DT striped & phase. ¢) STM image of
(50 nm x 50 nm; Vi, = —1.8V; I;= 0.3 nA) Cgo dimer rows is formed after annealing at 323 K for 30 min. d) High-resolution STM image (25 nm x 25 nm;
Vb =—1.5V; I,=0.3 nA) of the bottom right domain of (c). A coexistence Cgo monomer, dimer, trimer, and square porous are marked. e) A schematic
diagram illustrates the relationship between Cqo molecules and the AAD units in various locations on Au(111). f) The dimer axis is 14° on either side of the
close packed direction of Au(111). Hence, there are six possible directions. Four of the six possible directions for the Cgo dimer axis are illustrated.
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The DT rows in the & phase are found to be parallel to the
[112] direction.*? Notably, in Figure 2c,d, the Cgo molecules tend
to pair up after the sample was annealed at 323 K for 30 min. The
dimer axis is 14° on either side of the [110] crystal direction.
Figure 2f shows there are six such directions. On the bare
Au(111) surface, Cgo can form more than three close packed
phases.?? One of the close packed phases is known as the
R14 phase. The dimer axis is aligned along the same direction
as the close packing direction of Cgo molecules in the R14
phase.[%’3 71 The distance between the two Cgo molecules in each
dimer is measured to be 1.00 £ 0.05 nm by using the typical dis-
tance between DT molecules as the reference.’” This distance is
the same as the nearest neighbor distance of Cgo molecules asso-
ciated with the R14 phase.

Each Cg island in Figure 2a,c is a mixture of Cgo and DT.
Without DT being involved, Cgo would simply form close packed
domains. The high-resolution STM images of a Cg/DT
domains, as shown in Figure 2b,d, reveal the presence of dimers,
trimers, and monomers, with dimers the dominant species. DT
fills the gaps between the Cgo molecules, although the STM can-
not locate these DT molecules. This is due to different tunneling
conductance, as will be discussed later. One can see that two or
more dimers align themselves to form short dimer rows in
Figure 2c. However, we only observe short-range order here
as the growth process is significantly hindered by kinetics. In
an earlier study with Cgo and octanethiol, long-range order
appears at RT.1**! In order to form a long-range ordered Cq/thiol
mixture, the initial striped structure of thiol must be broken first.
The alkyl chain of DT is longer than that of OT, and thus it
presents a higher energy barrier for reorganization. The inset
image illustrates the period of the DT striped phase as 7.5a,
where “a” represents the nearest neighbor distance for Au atoms.
Each striped phase comprises regularly spaced AAD rows, with
the distance between two neighboring rows dependent on the
coverage.>>*")

We can clearly see the locations of individual C4 molecules in
Figure 2d. However, we are not able to determine the locations of
the DT molecules within the Cgo/DT mixture experimentally.
This is most likely due to the significant difference in tunneling
conductance.*!! Cgp measures ~0.6 nm (apparent height mea-
sured with the STM) from the Au(111) substrate. Standing up
DT molecules measures <0.2nm from Au(111). When Cgo
and DT sit next to each other, the contribution of Cg, toward
the overall tunnel current overshadows that of DT. This is partly
due to the finite size of the STM tip. An infinitely narrow STM tip
would be required in order resolve the DT molecules. The indi-
vidual Cgy molecules are somewhat unstable and are observed to
shift under normal scanning conditions, as indicated by the pres-
ence of horizontal streaks surrounding the molecules.

For Cgo/DT coassembly, the primary building blocks can be
categorized into monomer, dimer, and trimer (observable in
Figure 2b,d), which are highlighted by red, green, and yellow
dot frames, respectively. Although dimers are the preferred
structure, the existence of monomers is a direct consequence
of kinetic constraint. In Figure 2b,d, one can also see four dimers
enclosing a space that DT occupies. This is a primitive porous
structure. More porous structures are observed upon thermal
annealing and will be presented in the next section.

Small Struct. 2023, 2300230 2300230 (4 of 8)
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It is noteworthy that the distance between neighboring Cqq
within the dimer or trimer is 1.00 & 0.05 nm, thereby indicating
close packed alignment along the dimer or trimer axis. Apart
from molecules in the dimer, other C40—Cso distances are signifi-
cantly greater than 1.00 nm. In Figure 2f, multiple possibilities
for the dimer or trimer axis can be observed, each axis being
rotated from the [110] direction by 14°. All six possible directions
of the dimer axis have been observed in Cgo/DT system.

2.2. Formation of Cg/DT Porous Framework

In molecular systems where vdW forces constitute the dominant
bonding mechanism, the diversity of achievable structures can be
rather constrained. This is due to the tendency of vdW forces to
guide the molecules toward a close packed arrangement at
the nanoscale.*¥ Hence, control over a binary molecular
self-assembly system, solely reliant on vdW forces, presents
significant challenges.!****!

In an earlier study, when Cgo was deposited onto octanethiol/
Au(111), spontaneous formation of porous frameworks was
observed at RT.’®! We also observe the formation of porous
frameworks when Cqo is added to DT/Au(111). However,
long-range order is poor with DT, and the Cgo/DT mixture usu-
ally exists in a rather disordered state, as shown in Figure 2. The
order of the mixture is found to depend on several parameters,
including sample temperature, Cqp/thiol ratio, and the quality of
the preprepared thiol/Au(111) sample. To demonstrate the effect
of temperature, we show STM images in Figure 3, obtained after
thermal annealing a Cgo/DT mixture to 343 K for 30 min.

Comparing Figure 2c with Figure 3a, one can see clearly that
the overall order of the Cgo/DT mixture has been improved after
annealing. There are still a substantial number of Cgo dimers in
Figure 3a, but the dominant structure is now the porous frame-
work. Six, eight, or ten Cgo molecules can form the pore, leading
directly to different pore sizes. The number of AAD inside the
pore depends on the pore size. We have not been able to produce
a porous framework with a single structure, indicating that the
energy difference between the coexisting structures is rather
small.

In Figure S3a, Supporting Information, an STM image of a
mixed Cyo/DT layer displays four distinct structures: 1) porous
Coo/DT frameworks in varying hexagonal shapes, 2) a pure
striped phase of DT forming parallel rows, 3) patches of
(Coo0)7 clusters, and 4) staggered domains of Cgo nanochains.
If the annealing temperature is further increased, parallel zig-
zag rows of Cgo eventually become the only structural phase.
Some Cgo rows can be seen in Figure 3a. This transition to
Cgo rows is associated with an increased Cgg/thiol ratio as thiol
becomes thermally desorbed.

Figure 3a presents an STM image illustrating the coexistence
of hexagonal Cg frameworks and Cgp nanochain structures on
the Au(111) surface. White lines outline the relative azimuthal
orientations of framework domains I and II. All the Cgy rows
within the Cg/DT frameworks are staggered and segmented,
with a further 14° clockwise or counterclockwise rotation relative
to the [110] directions of Au(111) (see SI Figure S3b, Supporting
Information), aligning with the close-packing direction of Cg in
the R14 phase.’®

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 3. Formation of C¢o/DT porous frameworks after thermal annealing at 343 K for 30 min. a) An STM image (60 nm x 50 nm; Vp, =1.5V; I, = 0.3 nA)
illustrating the concurrent existence of the C¢o/DT frameworks and the zig-zag Cgo nanochains at RT. Notably, all the segmented Cgo rows conform to one
of the Cgp closed packed directions. b—d) High-resolution STM images depict three distinct arrangements of C¢/DT hexagonal frameworks, marked by

red, blue, and yellow hexagons. Tunneling parameters are V,, =
(15 nm x 15 nm) for (c), and (25 nm x 25 nm) for (d).

1.4V and I;= 0.1 nA for all STM images. The image sizes are (18 nm x 18 nm) for (b),
e) A ball model of the (Cg0)s porous framework. Each pore is large enough to accommodate five

AAD units, although the exact configuration of the five AAD is not yet clear. It visually represents the unit cell illustrated in (d).

The high-resolution STM images in Figure 3b-d display a
(Ceo)s framework (highlighted by a blue hexagon) accompanied
by two distinct pore structures: (Ceo)s (in a red hexagon) and
(Coo)10 (in a yellow hexagon). (Ce)s is the most abundant on
the surface. The coexistence of pores of various sizes indicates
that these different sized pores have similar stability. It is not
yet understood how to achieve a single-sized pore structure
for Cgo/DT. In our earlier investigation with Cg/OT, the self-
assembly process seems to be able to self-select pores consisting
of six Cgo molecules.!

To create a structural model of the framework, we embarked
on a progressive fine-tuning of the model. Beginning with an
initial model derived purely from triangulation, we then filled
the RS-Au-SR staples into the pores. The adsorption of the
RS-Au-SR alkanethiol staples on Au(111) is well documented.™**!
Filling the pores with DT must conform to the established
principle that the Au adatom occupies the bridge site with the
RS—Au-SR axis perpendicular to the bridge. The shortest dis-
tance between two alkyl chains is around 0.5 nm.?% It is also vital
that the alkyl chains maintain a reasonable distance from the car-
bon atoms within the Cg cage. The framework is laterally shifted
above Au(111) multiple times until the optimal fit is achieved.

Small Struct. 2023, 2300230 2300230 (5 of 8)

Figure 3e presents an optimized structural model for the
(Ceo0)s framework. The arrangement of Cgy molecules in the
model matches quite well with what is observed in STM images.
We have no reliable information about the locations of the AAD
from STM; a trial-and-error approach is taken. The thiol mole-
cules inside the pore interact with each other as well as with
Cgo. Thiol molecules inside the pore are not in an equivalent
bonding environment. However, to optimize the thiol-Cg inter-
action, the alkyl chains need to be oriented nearly perpendicular
to the substrate. According to the structural model of Figure 3e,
each pore contains five AAD units. The local coverage of DT
inside each pore is around 0.33 ML, corresponding to the cover-
age of the standing up phase of thiol on Au(111).’” Hence, the
alkyl chains assume an almost vertical orientation inside the
pores and are perpendicular to the Au surface. According to
the model in Figure 3e, if we place five AAD units inside the
pore, the Cgo coverage in the framework is 0.045 ML, and the
DT coverage is 0.15ml, resulting in a Cq,/DT ratio of 3:10.
Both the coverages for Cqo and DT are scaled to the atomic
density of surface Au atoms. Consequently, the framework com-
position is (Cgo)3(DT)1o. Also, the molar ratio of Cg/OT frame-
works is 4:14 in our previous study.?®) When compared to 4:14

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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and 3:10, they exhibit comparable magnitudes. This correspon-
dence serves as evidence that our proposed model aligns effec-
tively with the appropriate level. Additionally, the initial coverage
of DT in the § phase also stands at 0.23 ML,*" reaffirming a
reduction in the overall thiol coverage. During the deposition
of Cg or the subsequent thermal annealing process, some thiol
molecules may have desorbed, as we do not observe mass migra-
tion of DT to areas surrounding the framework (see Figure S3,
Supporting Information).

A noteworthy attribute of the Cgo/DT framework is that its
structure does not solely rely on nearest neighbor interactions.
Instead, collective interactions among a large number of mole-
cules dictate the stable structure transition. This is a marked devi-
ation from hydrogen-bonded frameworks!”) or MOFs,**! where
nearest neighbor bonding predominantly determines the final
structure of the framework.

2.3. Evolution of Cg,/DT Nanochains

In accordance with prior research, thermal annealing has been
recognized as an effective method to modulate molecular
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adsorption configurations and assembly processes.**™*® For
the Cgo/DT system, thermal treatment causes preferential
removal of DT through thermal desorption. This then changes
the Cgo/DT ratio resulting in the change of structures. It is note-
worthy that the desorption temperature of Cy exceeds that of DT
by more than 200 K. Upon annealing the sample at 363 K for
30 min, we observed Cqo zig-zag nanochains, as depicted in
Figure 4a. The formation of the Cqo rows results from further
reduction of the thiol coverage due to thermal desorption. Ce
molecules are close packed along the row. There is a space
between two neighboring rows, and DT occupies this space.
This Cg/DT row phase is similar to the Cq0/OT rows formed
under similar experimental conditions.**! However, it is interest-
ing to note that the Cq/DT nanochains are considerably longer
than the Cg rows formed with OT after thermal treatment
(Figure S5, Supporting Information). The direction of the Cgo
chains is plus or minus 14° from the [110]directions of
Au(111), the same as the direction of the dimer axis.

Upon further heating the sample to 363K for 1h, STM
images, as presented in Figure 4b, reveal the disappearance of
the staggered Cqo rows. Now, long-range ordered Cqo nanochains

Figure 4. Long-range ordered Cgo nanochain structure. a) STM image (75 nm x 75 nm; V, = —1.6 V; I, = 0.15 nA) depicts zig-zag Ceo rows after anneal-
ing at 363 K for 30 min. b) STM image (70 nm x 70 nm; V, = —1.0V; I, = 0.2 nA) shows the long C¢ nanochains after 90 min annealing. The lower right
corner shows Cgg molecules that have not yet formed regular rows. b) A high-resolution STM image (10 nm x 10 nm; V, = 1.0V; I, = 0.3 nA) illustrating a
Ceo nanochain with a unit cell. d) The optimized ball model provides a visual representation of the unit cell illustrated in (c).
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emerge, following the growth direction of closely packed
Cgo- From these observations, we deduce that the shape of indi-
vidual building blocks plays a pivotal role in the bottom-up
self-assembly of nanostructured materials.’” Even a simple
change in shape, as from OT to DT, can significantly influence
the assembly process due to the modified length of the orienta-
tional alkyl chains.

The symmetry of the Cgo nanochain structure is reduced to
twofold symmetry.*” A white quadrilateral highlights the
unit cell in a high-resolution STM image (Figure 4c).
Employing a modeling approach similar to the previously men-
tioned, we can propose the structural model of segments with a
Ceo—(DT), composition, as illustrated in Figure 4d. The respec-
tive coverages of Cgo and DT molecules are 0.045 and 0.09 ML. In
the long-chain direction, there is no spacing between adjacent
molecules, allowing RS—Au-SR staples to fill the space between
two Cgo chains.

Similar to the forming process of the Cgo framework, starting
with the square pore structure, the local coverage of DT can be
reduced by gently heating the sample. This will keep the local
coverage of Cgo constant and only change the molar ratio between
DT and Cgp. As the Cgo/DT ratio increases, we observe a gradual
transition from a porous Cgg network to Cy chains. All the struc-
tures in this system follow an orientational growth along the
direction 14° from [110] direction.

Subsequent thermal annealing prompts a transition from a
staggered Cgo nanochain to a straight one. The rearrangement
of molecules during the annealing process signifies the impor-
tance of thermodynamics in shaping the final nanostructure. The
final Cg nanochain is characterized by a higher level of order and
reduced molecular freedom, indicative of a lower total energy
state. This suggests that the straight Co nanochain is thermody-
namically more stable than the staggered arrangement.

3. Conclusion

In conclusion, we have successfully engineered a 2D Cgo/DT
porous molecular framework and extensive nanochain structures
on Au(111) surface at room temperature. This bicomponent
molecular self-assembly is primarily governed by a cooperative
vdW interaction, eliminating the need for specific bonding via
functional groups among neighboring molecules. By controlling
the molecular coverage and annealing temperature, we can synthe-
sis flexibale bicomponent molecular structures, leading to orien-
tational growth."” This approach enriches our fundamental
understanding of vdW coassembly on surfaces and offers a prom-
ising strategy for creating complex functional nanostructures.>*%
This work will likely significantly impact the future design and
synthesis of molecular nanostructures/nanomaterials, offering
enhanced control over their structures and properties.

4. Experimental Section

The experiments were conducted at RT utilizing an Omicron variable
temperature scanning tunneling microscope (VT-STM) in an UHV envi-
ronment, maintaining a base pressure on the order of 107" mbar. The
Au(111) substrate was a 300 nm-thick film, prepared by depositing gold
atoms onto a graphite substrate in a UHV chamber. The substrate
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underwent numerous cycles of Ar" sputtering and annealing in UHV
for surface cleaning, using Ar' ions with an energy of 1.5 keV. The resul-
tant vacancy defects created by sputtering at RT were eliminated by anneal-
ing above 700K, producing the standard herringbone reconstructed
Au(117) surface. The STM was calibrated using the single atomic layer
Au steps and the parameters of the herringbone reconstructed surface unit
cell.

A self-assembled DT monolayer was formed on Au(111) by submerging
the sample in a 1 mM DT/ethanol solution for 24 h. The sample was sub-
sequently placed into the UHV chamber, which underwent thermal anneal-
ing at 393 K for 2 h. This annealing process triggered partial desorption of
the DT, forming a striped & phase. Cso molecules were then deposited
onto the sample featuring the striped phase of DT at RT. The Cqo and
DT molecules mixed through molecular diffusion, resulting in the emer-
gence of an array of bicomponent structures.

STM images were obtained using electrochemically polished tungsten
tips. The lateral distance measured was subject to an uncertainty of
+0.05 nm. However, this does not imply that features separated by
0.05nm could be readily determined from a single measurement.
Given the periodic nature of the structure being measured, distances span-
ning multiple unit cell dimensions were measured. Through multiple
measurements of this kind, we achieved lateral distance values with an
ultimate precision of £0.05 nm. The long-range order of the DT striped
phase, Cgo closed-packed structures, and (Cgp)7 clusters, in conjunction
with the measured distance and lattice direction, were used in determining
the adsorption sites of individual Ceo molecules. STM images were
recorded in a constant current mode under RT and analyzed with
WSxM software.?!
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