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Complex supramolecular tessellations with onsurface self-synthesized C60 tiles through van der
Waals interaction†
Xin Zhang,a Haoxuan Ding, b Xiaorui Chen,c Haiping Lin,c Qing Li,c Jianzhi Gao,*c
Minghu Pan*c and Quanmin Guo *b
Supramolecular tessellation with self-synthesized (C60)7 tiles is achieved based on a cooperative interaction between co-adsorbed C60 and octanethiol (OT) molecules. Tile synthesis and tiling take place simultaneously on a gold substrate leading to a two-dimensional lattice of (C60)7 tiles with OT as the binder
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molecule ﬁlling the gaps between the tiles. This supramolecular tessellation is featured with simultaneous
on-site synthesis of tiles and self-organized tiling. In the absence of speciﬁc functional groups, the key to
ordered tiling for the C60/OT system is the collective van der Waals (vdW) interaction among a large
number of molecules. This bicomponent system herein oﬀers a way for the artiﬁcial synthesis of 2D
complex vdW supramolecular tessellations.

Introduction
Two-dimensional (2D) supramolecular structures have been
studied for many years due to their rich structural configurations,1 flexible fabrication methods2 and a wide range of applications in nanotechnology.3–6 One attractive approach for the
fabrication of 2D molecular materials is tiling a solid surface
with molecules of specific geometric shapes.7,8 As far as the tessellation composition is concerned, two types of molecular tiles
have been reported over the past few decades. One is the system
composed of a single component in which molecules with
linear,9 triangular,10 rhombic11 or other regular and semiregular shapes and configurations12 serve as building blocks
and linkers to achieve polygonal tessellation. By comparison,
multicomponent systems are more versatile for creating more
complex supramolecular tessellations.1,13–16 Eﬀects of spatial
confinement and molecular crowding between diﬀerent kinds
of components can prevent molecules, especially the molecules
without specific functional groups, from forming a close-packed
arrangement17,18 and hence facilitate the formation of various
supramolecular structures. Meanwhile, the aggregation of
various numbers of molecules into clusters can be exploited as
a means of on-surface synthesis of new tiles.19 In particular, the

preferential formation of magic number clusters oﬀers high
selectivities towards the creation of certain types of tiles.20
The balance between intermolecular interaction and the
molecule–substrate interaction determines the architecture as
well as the properties of supramolecular tessellations. Relatively
weak interactions give flexibility in the tiling patterns with pure
van der Waals interaction being the extreme case. The challenge
in van der Waals tiling is to maintain stable intermolecular
interactions against thermal disturbance. Although the use of
vdW force is limited due to the lack of specific and directional
bonding, it has been proved to be eﬀective in nonplanar and
extended molecular assembly.21,22 For example, the magic
number (C60)7–(Au)19 hybrid cluster has been prepared based on
the unique property of the vdW force in our previous work.23
Here, we explore a bicomponent system consisting of octanethiol (OT) and C60 molecules. We aim to fabricate C60 cluster
tiles with a specific number of molecules and further bind the
supramolecular tiles together. We report on the on-surface selfsynthesis of (C60)7 tiles and the tiling of Au(111) with such tiles
utilizing OT as the “grout”. We also discuss a related tessellation
where chains of C60 act as rectangular tiles. Controlling the
assembly of C60 molecules with pre-adsorbed or co-adsorbed
molecules has been extensively studied24 and many examples
have been discussed in a recent review article.25
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Results and discussion
(C60)7 based supramolecular tiling
When two types of molecules are co-adsorbed on a solid
surface, their relative concentration is usually an important
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control parameter. In a previous study, we observed the formation of porous C60 frameworks with OT filling the pores.17
The C60/OT ratio can be changed by heating the sample up.
The desorption temperature of OT is more than 200 K lower
than that for C60, hence the coverage of OT can be reduced by
gentle heating of the sample with little eﬀect on the coverage
of C60. As the C60/OT ratio increases, we observe a gradual transition from porous C60 network to C60 tiles. Fig. 1(a) shows an
STM image of a mixed C60/OT layer. In this image, one can see
three distinct structures: (i) a porous C60/OT framework17
which occupies about 80% of the surface; (ii) a pure striped
phase of OT exhibiting parallel rows; and (iii) patches of (C60)7
tiles which are shaded with light purple colour. A magnified
view of the (C60)7 tiles alongside the porous framework is
shown in Fig. 1(b). Each tile consists of seven C60 molecules.
The molecules within the (C60)7 tile are close-packed giving
rise to a perfect hexagonal shape. The molecule in the centre
of the tile has a lower apparent height and appears darker in
the false colour image. The other six molecules appear the
same in the image. The phenomenon of brightness contrast in
C60/Au(111) has been reported before.26–29 One of the reasons
for the observed contrast is diﬀerent molecular orientations.
There is a clear gap between two adjacent (C60)7 tiles. We
cannot resolve the detailed structure within the gap, but the
gap must be filled by molecules which have to be OT in this
case. A vacant gap between two (C60)7 clusters is not stable at
RT. The OT rows in the striped phase are known to align in the
ˉ] direction.17 Using the OT row as a reference, the azi[112
muthal orientation of the (C60)7 clusters can be determined. As
shown in Fig. 1(b), the row of the (C60)7 tiles is oriented at ±14
ˉ0〉 direction of Au(111). This azimuthal
degrees from the 〈11
orientation has been reported in a 7 × 7 R14° superstructure in
which C60 molecules are closely packed on Au(111).26
The formation of the C60 heptamer unit has been reported
on several occasions.28 There is a tendency for the central C60
molecule to occupy a stable site allowing eﬃcient charge transfer from the Au substrate into this molecule. It was reported
that the central C60 molecule is bonded to the substrate via
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one of the faces of the hexagon. We imaged the (C60)7 tile
under both positive and negative sample bias voltages as
shown in Fig. 2. The C60 molecule in the centre of the tile
shows clear bias polarity dependent contrast. As can be seen
in Fig. 2(b), the central C60 molecular appears brighter under
negative bias and dimmer under positive bias. This bias
polarity dependence suggests an electronic eﬀect contributing
to the observed height diﬀerences. Based on what has been
reported previously, we speculate that the central C60 molecule
sits on the substrate with its hexagonal face touching Au.
Electron transfer from Au(111) into the empty orbitals of the
central C60 makes it electron rich. We do not know the orientations of the other six molecules within the tile. At room
temperature, it is likely that the other six molecules do not
have a fixed orientation and they keep flipping under thermal
agitation. Thus, the STM image may show time averaged features of the other six molecules. In this study, we have not performed imaging at low temperatures and hence the orientation
of the C60 molecules is not accurately determined. The central
C60 molecule appears to be stable at RT although flipping can
be observed occasionally. In Fig. 2(a), the tile highlighted by a
green circle shows the central molecule bright under positive
sample bias. This indicates that the central molecule in this
tile has flipped under the influence of the STM tip. In
Fig. 2(c), the same molecule resumes its normal dim state.
The above discussion for the diﬀerent molecular adsorption
characteristics in (C60)7 cluster leads to an understanding that
the central molecule in the (C60)7 cluster can serve as an
“anchor” fixed on the gold surface, and the other six molecules
are expected to be less strongly bound to the Au(111) substrate.
van der Waals force among all seven molecules contributes to
the stability of the tile. However, the intermolecular force
among the C60 molecules alone is not suﬃcient to protect the
integrity of the tile as such heptamer tiles do not form with
only C60 on the Au(111) surface. Pure heptamers of C60 are not
stable on Au(111) at RT. However, they can be stabilized using
metal coordination23 or by confinement in molecular cavities.30 The formation of the heptamer tiles observed in this
work is assisted by the presence of the OT molecules. In the
following, we will present structural models for OT assisted
tiling.
Model of (C60)7–OT6 bicomponent tiling

Fig. 1 (a) Large-scale STM image showing the coexistence of (i) porous
C60/OT framework; (ii) striped phase of pure OT; and (iii) (C60)7 based
supramolecular tessellations. (V = 2 V, I = 50 pA) (b) magniﬁed view of a
region with the tiled area sitting next to the porous framework. The
(C60)7 tiles are aligned in a direction that is rotated by 14 degrees clockwise from the [11̄0] direction. (V = 1.5 V, I = 50 pA).
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Having investigated the morphology and electronic properties
of the individual (C60)7 cluster, we now focus on the tiling
mechanism. Fig. 3(a) reveals the detailed structure of the
bicomponent tiling. The high-resolution STM image shows a
periodic molecular arrangement with six-fold symmetry, which
is supported by the corresponding fast Fourier transform (FFT)
pattern in the inset. The unit cell of the supramolecular tessellation highlighted by the blue rhombus has a hexagonal lattice
(c = 3.16 ± 0.01 nm, α = 60°). These well-defined lattice constants help us to establish the optimal model of (C60)7 based
supramolecular tessellation. The lattice constant measured by
STM is subject to uncertainties due to thermal drift and the
creep of the piezo scanner. However, the lattice structure

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Bias-dependent characteristics of the tile. (a) and (c) are images from the same area of the sample acquired with +1.5 V sample bias. The
green circles highlight the ﬂipping of the central C60 molecule under imaging conditions. (b) STM observation of bias dependence of the (C60)7
cluster shaded with the light blue hexagon in (a). Images are acquired under the same tunnel current of 50 pA with the bias voltage set at ±0.8 V and
±1.2 V. The line proﬁles in the inset are along the lines in the upper images.

Fig. 3 (a) High-resolution STM image of the (C60)7 based supramolecular structure. The inset shows the corresponding FFT pattern. (V = 0.5 V, I =
100 pA) (b) optimized ball model of the unit cell in (a). The blue and black C60 cages correspond to the central and surrounding C60 molecules
respectively. The RS–Au–SR staples are arranged around the (C60)7. (c) Schematic block diagram of the (C60)7 based supramolecular tessellation.

requires that at least the dim C60 molecule occupy an identical
site on Au(111). Our analysis leads to the structural model
shown in Fig. 3(b). According to the model in Fig. 3(b), the dispﬃﬃﬃﬃﬃﬃﬃﬃ
tance between the two adjacent tiles is 117a (a = 2.889 Å),
which is very close to our experimental measurement of
3.16 nm. The lattice of the tiles is thus defined as
pﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃ 
117a  117a R14°. The patches of close-packed C60 can be
used as a reference to determine the adsorption site for C60
molecules in the tile. The adsorption site for C60 molecules
inside the extended domains of close-packed C60 is the site on
the top.28 Using this as a reference, we find that the central
C60 in the tile occupies a hollow site (see Fig. S1 in the ESI†).

This journal is © The Royal Society of Chemistry 2022

The six surrounding molecules do not occupy the same type of
hollow site. They are all shifted slightly towards the
central molecule. It seems that in order to optimize the C60–
C60 distance, the surrounding C60 molecules take a less
favourable adsorption site in terms of the C60–Au(111)
interaction. Fig. 3(b) shows the best structural model
derived from our analysis. According to this model, the distance between the central molecule and each of the six surrounding molecules is 0.96 ± 0.01 nm which is slightly shorter
than the typical nearest neighbour distance, 1 nm,31,32 within
either C60 crystals or in the closed-packed layer of C60 on Au
(111).
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We use the close-packed C60 domain as the calibration standard and we take 1 nm as the nearest neighbour distance for
close-packed C60. The shorter distance measured between the
central molecule and the surrounding molecules within the
C60 heptamer is not due to uncertainty in the experiment. The
reason for the observed short distance is due to the coordination number. As we have discussed already, C60 molecules
on Au(111) have the tendency to form heptamers.26 An
extended 2D close-packed layer of C60 sometimes contains an
ordered array of C60 heptamers as shown by STM images
acquired at cryogenic temperatures.28 At room temperature,
the heptamers lose their characteristics due to random
thermal flipping of the molecules. For the C60 tiles reported
here, there is a gap between neighbouring tiles with the gap
filled by OT molecules. The molecule in the centre of the tile
has six nearest neighbours. Each of the surrounding six molecules has a much lower coordination number of three. This
undercoordination may lead to a relaxation of the C60–C60 distance, similar to what happens on a solid surface where the
distance between the first two layers of atoms is reduced.
Since the molecule in the centre of the tile appears more
stable, it gives rise to an apparent anchoring eﬀect where six
molecules nest around an “anchoring” molecule. However, the
stability of the heptamer arises from the collective interaction
of all seven molecules. Bias dependent imaging shows clear
charge transfer from Au(111) to the central C60 molecule
making it electron rich. Occasional flipping of the central
molecule has been observed although such thermal flipping
seems to be assisted by the scanning tip. The collective vdW
interaction among OT and C60 molecules is employed to stabilize the fabricated supramolecular tessellation. We finally add
the RS–Au–SR (RvCH3(CH2)7S) alkanethiol staples, which is
the basic structure of OT assembly on Au(111), into the space
between neighbouring (C60)7 clusters. Following the well documented rule that gold adatom in the staple must occupy the
bridge site and the axis of staple perpendicular to the bridge,33
we determine the adsorbed location of OT molecules. Fig. 3(b)
shows the optimal unit cell model, in which OT molecules
periodically arranged around the (C60)7 clusters. Such a unit
cell is composed of seven C60 and six OT molecules with a low
molecular coverage of 0.058 ML and 0.05 ML respectively. The
composition of (C60)7 based supramolecular tessellation is
hence (C60)7–(OT)6.
Fig. 3(c) gives the coloured tessellation of a partial 2D periodic tile pattern. The yellow and blue tiles correspond to (C60)7
clusters and RS–Au–SR staples respectively. Each (C60)7 cluster
is separated with a uniform spatial interval by RS–Au–SR alkanethiol staples to form a periodic structure. These equivalent
RS–Au–SR staples, as a tiling “binder”, span the overall plane
to hold C60 clusters together by the operation of 60° rotations
in this 2D supramolecular tessellation. Because of the relatively high coverage of OT molecules before C60 adsorption,
the flexible alkyl chains in the regular tessellation are not
necessarily parallel to the substrate strictly at ambient temperature. The green triangular tiles represent the region
enclosed by the end groups of each of three alkyl chains. Thus
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the 2D tessellation without overlaps and gaps in Fig. 3(c) can
be used to describe the (C60)7 based supramolecular structures
based on the collective vdW interaction among molecules.
Tessellation evolution induced by thermal treatment
From the (C60)7 based supramolecular tessellation discussed
above, the dim molecule with a hexagon fixed to Au(111) is
vital for the supramolecular structural construction. According
to previous studies, thermal annealing is an eﬀective way for
tuning
molecular
adsorption
configurations
and
assembly.34–38
Thus, it is expected that more supramolecular tessellations
can be fabricated through thermal treatment.
As the sample is heated to higher temperatures, OT coverage is preferentially reduced due to its much lower desorption
temperature than that for C60. Following thermal annealing at
120 degrees for 90 minutes, we observed a new tiling structure
composed of C60 nanochains as shown in Fig. 4(a). There is
also simultaneous formation of close-packed C60 domains.
Interestingly, all of the segments in the C60 chains are staggered and rotated 14 degrees clockwise or counter-clockwise
ˉ0〉 directions of Au(111), which is consistent
with respect to 〈11
with the growth direction of the (C60)7 based supramolecular
tessellation. The histogram in Fig. 4(b) shows the distribution
of the C60 molecular number in diﬀerent (C60)n–(OT)m segments. Molecular rows consisting of three, four or five molecules are the most abundant. The magnified STM image in
Fig. 4(c) reveals the detailed configurations of the regular
nanochain tessellation. After thermal treatment, the symmetry
of the supramolecular structure is reduced to two-fold symmetry (see the FFT pattern in the inset of Fig. 4(c)). The unit
cell is labelled by a blue quadrilateral. In the long-chain direction there is no spacing between adjacent molecules. However,
ˉ0] direction segments in bright and dim features are
in the [11
arranged periodically with a period of 2.62 ± 0.01 nm. This distance is excellently consistent with 9a. The apparent height
diﬀerence (0.39 Å) between bright and dim segments is identical to the observation of (C60)7 clusters under the same sample
bias, which is proved essentially due to the diﬀerent submolecular orientations.27 Compared with the (C60)7 based supramolecular tessellation, the number of C60 molecules with dim
appearance is significantly increased. Half of the C60 molecules, broadly speaking, appear with the dim feature in the C60
nanochain tessellation.
In analogy with the modelling approach mentioned above,
we fill RS–Au–SR staples into the space between bright and
dim chains. Fig. 4(e) shows the proposed model of segments
with (C60)3–OT2 composition. This assembly model leaves RS–
Au–SR staples almost parallel to the Au(111) surface with
larger tilting angles of alkyl chains. The length of individual
RS–Au–SR staple in the proposed configuration is about
2.23 nm. This length is essential for interpreting the statistical
results of the histogram in Fig. 4(b). First, the distance of
2.23 nm is larger than that of the segments composed of two
C60 molecules. Therefore, C60 molecules prefer to grow along
the long-chain direction rather than change molecular align-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) STM image of the nanochains coexisting with frameworks and close-packed C60 domains. (V = 1.8 V, I = 300 pA) (b) the histogram shows
the proportion of C60 numbers in diﬀerent short segment of nanochains. (c) Magniﬁed view of nanochains with the corresponding FFT pattern in
the inset. (V = 1.5 V, I = 100 pA) (d) line proﬁle along the black straight line in (b). (e) The structure diagram for C60–OT nanochains, in which the blue
and dark C60 balls represent the bright and dim C60 molecules in (c). (f ) Scheme of (C60)n–OTm nanochain tessellation.

ment by bending the alkyl chains in the RS–Au–SR staples.
Considering the range of the vdW interaction, the segment
composed of three C60 molecules is the ideal alignment.
Second, the tilting angle of alkyl chains should be small in
order to fully fill into the space between the neighbouring segments consisting of two C60 molecules while the lower coverage of thiol after thermal annealing readily leads to larger
tilting angles.39 Thus few segments containing two C60 molecules are observed in our experiment.
Our present work shows that a large number of six-membered segments should cover the substrate surface considering
the ideal three-membered segment tiling. However, the proportion of six-membered segments is smaller than four-membered and five-membered segments. This is because the displacement of OT around the C60 molecules after thermal
annealing is random, thus the relative position of neighbouring RS–Au–SR staples is hard to be determined exactly. We can
only speculate at the moment that a small interval between
neighbouring RS–Au–SR staples leads to the segment consisting of four or five C60 molecules, while a relatively large space
results in the formation of two staggered three-membered segments instead of one six-membered segment. Furthermore,
the C60 chains with longer segment arrangement need more

This journal is © The Royal Society of Chemistry 2022

RS–Au–SR staples aligned closely to bind the neighbouring C60
chains. This is not possible for OT molecules with low coverage after thermal annealing. The extra space is introduced at
each segment junction, which facilitates the formation of large
area nanochains. Fig. 4(f ) shows the scheme of (C60)3–(OT)2
nanochains corresponding to the optimal tiling model in
Fig. 4(e). The yellow, blue and green quadrilaterals represent
C60 segments, alkanethiol staples and the interval space
respectively. The results enlighten us to tune the supramolecular tessellation configurations by changing the alkyl chain
length of thiol molecule.

Conclusions
In summary, we succeeded in fabricating C60 based 2D supramolecular tessellations on Au(111) surface based mainly on a
cooperative van der Waals interaction. No functional groups
are required for specific bonding between the neighbouring
tiles for this system. The (C60)n tiles are self-synthesized on site
and the space between the tiles are filled by the binder molecule OT. This work clearly demonstrates the vital role of vdW
interaction in complex 2D supramolecular tessellations. In par-
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ticular, the anchored molecule in the centre of a (C60)7 cluster
enhances the stability of supramolecular tessellations. Our
work may represent a case study for C60 molecular orbital
tuning considering the regular variation of C60 molecular
adsorption configuration after thermal treatment. The C60–OT
supramolecular tiles we introduced here have a number of
implications for fabrication and regulation of complex bicomponent supramolecular tessellations. The involvement of the
vdW interaction opens more pathways for less strongly bound
but more versatile molecular tessellations.
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Methods
Experiments were performed at room temperature (RT) using
an Omicron variable temperature scanning tunnelling microscope (VT-STM) in ultrahigh vacuum at a base pressure in the
order of 10−10 mbar. The Au(111) substrate is a 300 nm thick
film prepared by depositing gold atom onto a graphite substrate in an ultrahigh vacuum chamber. Many cycles of Ar+
sputtering and annealing in ultrahigh vacuum were performed
for surface cleaning. The energy of the Ar+ ions is 1 keV.
Sputtering at RT generated vacancy defects which disappeared
following annealing at above 700 K. The surface prepared as
such was clean and almost free from defects. The STM was
calibrated using the single atomic layer Au steps and the
dimensions of the herringbone reconstructed surface unit cell.
Self-assembled monolayer of OT was formed on Au(111) by
immersing the sample in 1 mM octanethiol/ethanol solution
for 24 h. The sample was then introduced into the vacuum
system where it was thermally annealed at 393 K for 3 h. This
annealing process caused partial desorption of the OT and the
formation of a striped phase.17 C60 molecules were deposited
onto the sample with the striped phase of OT at RT. Mixing of
C60 and OT through molecular diﬀusion gave rise to a range of
bicomponent structures including C60 tiles. STM images were
collected using electrochemically polished tungsten tips. The
full coverage phase of OT on Au(111) was not used because C60
was unable to mix with the pre-adsorbed OT molecules. The
lateral distance measured was given an uncertainty of
±0.01 nm. This does not mean that features separated by
0.01 nm could readily be determined from a single measurement. Due to the nature of the periodic structure being
measured, a distance spanning many unit cell dimensions was
measured. Based on many such measurement, we were able to
obtain lateral distance values with an ultimate accuracy of
±0.01 nm. Such a degree of accuracy is not necessary though
in the process of determining the structure of C60 tiles. The
long-range order of the tiles, together with the measured
values, was used in establishing the adsorption sites of individual C60 molecules.
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