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ABSTRACT 

Two-dimensional C60 clusters embedded in a propylthiolate/Au(111) self-assembled 

monolayer (SAM) are produced by depositing C60 molecules on top of the SAM at 110 

K followed by thermal annealing to room temperature. The SAM acts as a spacer layer 

at 110 K preventing C60 molecules from reaching the Au(111) substrate. As temperature 

is increased, molecular scale vacancies open up within the SAM allowing C60 

molecules to drop to the surface of the Au(111) substrate. This initial “rooting” is then 

followed by the formation of two-dimensional C60 clusters. The clusters have a rather 

uniform orientation with a well-defined direction for the close-packed C60 molecules.  
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Introduction 

Self-assembly of molecular structures represents one of the most promising and 

practical routes for bottom-up nanotechnology.1 During the last decade, there has been 

a rapid growing interest in transferring supramolecular self-assembly to solid 

surfaces2-4 for a number of reasons. First of all, there is the technological demand for 

anchoring molecular structures on a substrate for the purpose of device fabrication. 

Secondly, in terms of fundamental studies, there are a large number of characterization 

techniques particularly suitable for analysing molecules attached to solid surfaces. 

Among them are scanning tunnelling microscopy (STM) and atomic force microscopy 

(AFM), both capable of imaging molecules with atomic resolution and hence providing 

direct information on bonding mechanisms.2,3 Moreover, the solid surface itself plays a 

role in the assembly process, offering the opportunity to build molecular architectures 

that are not viable in liquid environment. 

Assembly of molecular structures on solid surfaces is based mostly on the same 3-D 

non-covalent bonding mechanism as in solutions. The building blocks are linked 

together by either hydrogen bonding 5-10 or through metal-ligand coordination.11-16 The 

effects of dipolar interaction 17, 18 and the van der Waals (vdW) interaction have also 

been investigated.19, 20 Hydrogen bonding and metal-ligand coordination share the 

common feature that bonding is directional and occurs specifically in between the 

relevant functional groups. The localized nature of directional bonding is responsible 

for the formation of many interesting porous molecular networks.2, 6, 10, 21 For molecules 

where van der Waals force is the dominant force for bonding, the choice of structures 

that can be achieved becomes very limited because vdW force tends to drive the 

molecules into a non-characteristic close-packed arrangement. Therefore, molecular 

assembly based purely on vdW forces is less controllable. The delocalized nature of the 

vdW forces and consequently the lack of directional bonding involving such forces 

create a substantial obstacle in both experimental characterization and theoretical 

simulation of vdW bonded systems. However, a unique property of the vdW force is 

that it scales with the size of the molecule and is thus expected to play a dominant role 

in assembly of large molecules, in particular molecules that are important to living 
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organisms and life. 

C60 does not have specific functional groups and the interaction among the 

molecules is mainly van der Waals in character. As a result, C60 molecules tend to form 

close-packed layers on the less reactive (111) plane of many fcc metals 22-34 including 

gold.35-48 Step edges are the usual sites for nucleation at room temperature and the 

resulting C60 layer can expand to cover the entire atomic terrace. In order to form 

nanometer-sized C60 clusters, one needs to introduce a mechanism to suppress the 

formation of large extended structures. On the Au(111) surface, small clusters can be 

formed at the elbow sites on the herringbone-reconstructed Au(111) at low sample 

temperatures.47 However, these clusters are not stable at room temperature. Here we 

report the formation of nanometer-sized two-dimensional C60 clusters embedded within 

a propylthiolate monolayer on Au(111). Depending on the surface pressure, the 

propylthiolate monolayer can exist in a range of structural phases from the most dense 

(3 × 4) to a number of lower density striped phases.49-51 We deposit C60 molecules onto 

a striped propylthiolate layer with 0.22 ML coverage. The presence of propylthiolate on 

Au(111) has been found to have a significant effect on both the diffusion of individual 

C60 molecules and the growth of C60 clusters.  

 

Experimental Section 

The Au(111) sample is a thin film (~300 nm) deposited on a highly oriented pyrolitic 

graphite (HOPG) substrate using thermal evaporation in a BOC Edwards Auto 306 

deposition system. The sample, after transferring into the ultra-high vacuum STM 

chamber, is cleaned with Ar+ ion bombardment and thermal annealing. The sample is 

then exposed to CH3-S-S-(CH2)2-CH3 vapor at RT to form a 0.33 ML mixed thiolate 

layer consisting of CH3-S-Au-S-(CH2)2-CH3, CH3-S-Au-S-CH3, and 

CH3-(CH2)2-S-Au-S-(CH2)2-CH3. By heating up the sample to 420 K, CH3-S is 

removed from the surface via thermal desorption of CH3-S–S-CH3. The remaining 

CH3-(CH2)2-S-Au-S-(CH2)2-CH3 re-organize into the striped phase.   

C60 molecules are deposited onto the propyl-thiolate covered gold sample at 110 K  

from a home-made Knudsen cell in the form of a tantalum pocket with a pinhole 
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aperture. The Ta cell is heated resistively with its temperature measured by a K-type 

thermocouple. The rate of deposition is approximately 0.1 ML/min at a cell 

temperature of 706 K, as estimated from the C60 coverage measured with the STM. 

Imaging was performed using an Omicron variable temperature STM (VT-STM) with 

electrochemically etched tungsten tips. 

 

Results and Discussion 

Figure 1a shows an STM image of a propylthiolate layer in its (3√3 × √3)-R30o phase. 

The basic feature of this propylthiolate layer is parallel rows aligned in the  and 

other two equivalent directions. Each row consists of CH3-(CH2)2-S-Au-S-(CH2)2-CH3 

units as shown in Figure 1b.50 In the following, we will refer 

CH3-(CH2)2-S-Au-S-(CH2)2-CH3 as (C3S)2-Au for simplicity. In high-resolution STM 

images, each (C3S)2-Au unit is seen as two protrusions, one from each CH3 group.51 

The distance between two adjacent rows is 4.5a (1.3 nm) where a is the distance 

between nearest neighbor gold atoms. The coverage is 0.22 ML of S-(CH2)2-CH3. The 

maximum coverage can be achieved is 0.33 ML of S-(CH2)2-CH3 corresponding to the 

formation of the (3 × 4) phase.50 Here the coverage is defined, following the existing 

convention, as the number of (C3S) per surface Au atom. 0.33 ML hence corresponds to 

the situation that Au(111) is unable to accommodate any extra molecules. In addition to 

the (3√3 × √3)-R30o phase shown in Fig. 1, there are a number of the so-called striped 

phases that can form on the Au(111) surface.49 Each striped phase consists of regularly 

spaced (C3S)2-Au rows. The distance between neighboring two rows is coverage 

dependent.49, 52, 53 One striped phase can change into another when the molecular 

coverage changes. Also shown in Fig. 1a, highlighted with a yellow circle, is a 

boundary region between rotational (3√3 × √3)-R30o domains. Short (C3S)2-Au rows 

oriented in all three equivalent directions are formed inside the boundary. As a result, 

the packing density within the boundary is lower than 0.22 ML.  
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Figure 1. (a) STM image, 65 nm × 57 nm, obtained using –1.14 V sample bias and 0.15 nA 
tunneling current at RT from Au(111) with 0.22 ML of propylthiolate. Lack of order is observed 
within boundaries between rotational domains. (b) Structural model showing the (C3S)2-Au rows 
aligned in the direction.  

 

The Au sample covered by the (3√3 × √3)-R30o phase of propylthiolate is cooled down 

to 110 K at which point about 0.5 ML of C60 molecules are deposited. 1 ML of C60 is 

defined, in a more intuitive manner, as a single layer of closed-packed molecules on 

Au(111). This is different from the ML definition used for the propylthiolate SAM in 

which case we have to follow the convention so comparison to previous works can be 

made without confusion. If we were to use the same definition of the ML as for the 

thiolate, then a single layer of C60 on Au(111) would become 1/12 ML. C60 molecules 

are found to form several different structures as shown in Figure 2. One type of 

structures is in the form of C60 molecular rows aligned along the  direction. The 

distance between neighboring molecules along the row is 1 ± 0.05 nm, hence molecules 

are close-packed along the row. The distance between two adjacent C60 rows, rows 

inside the blue rectangle for example, matches the period of the (C3S)2-Au stripes. 

These C60 rows are found to be located in between two (C3S)2-Au rows as illustrated in 

Fig. 2b. A schematic diagram showing the relative position of the C60 molecule is given 

in Figure 3. In addition to the molecular rows, patches of C60 islands exhibiting 

two-dimensional close-packed feature are also observed. The three red circles in Fig. 2a 

highlight the formation of such close-packed islands. From the above observations, we 
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can conclude that the thiolate rows have the ability to confine the C60 molecule, but the 

confinement is not strong enough to stop C60 molecules from joining into close-packed 

islands at 110 K.  

 

Inset in Fig. 2a is a height profile acquired along line A-B in the image. The molecules 

appear 0.95 ± 0.02 nm above the SAM. At the boundary between rotational domains, 

region highlighted by yellow circle in Fig. 1 for example, (C3S)2-Au are less well 

organized. In such areas, C60 molecules do not seem to form any ordered structure as 

shown in Fig. 2c. However, in terms of height, the molecules can easily be separated 

into two groups. The “bright” molecules in Fig. 2c appear ~ 1nm above the SAM, 

whereas the “dim” molecules appear 0.70 ± 0.02 nm tall. As can be seen in Fig. 1a, the 

density of the propylthiolate is low at the domain boundaries and there appear large 

gaps in between some (C3S)2-Au rows. It is thus possible that C60 molecules inside the 

domain boundaries can drop all the way down and make contact with the Au(111) 

substrate. Therefore, the dim molecules are likely to be in direct contact with the 

Au(111) substrate, and the bright molecules are decoupled from the substrate by 

(C3S)2-Au. Since molecules in Fig. 2a appear 0.95 ± 0.02 nm tall, they are also 

decoupled from the substrate. According to the schematic shown in Fig. 3, the propyl 

chains occupy the space between the C60 molecule and the Au(111) substrate 

preventing direct C60-Au contact.  

 Data presented in Fig. 2 suggest that when C60 molecules land on the surface at 110 

K, they diffuse rather freely along the  direction and form single-molecule-wide 

rows. The formation of C60 rows is similar to that reported by Zeng et al in their study 

of C60 adsorption on a decanethiol monolayer.54 The C60 row is located in between two 

(C3S)2-Au rows and are prevented from contacting the Au(111) substrate by the 

protruding propyl chains. The spacing between two neighboring C60 rows is thus the 

same as that between two (C3S)2-Au rows. However, the interaction between C60 and 

(C3S)2-Au is rather weak allowing the attractive interaction between C60 molecules to 

bring the C60 rows closer together and form two-dimensionally close-packed C60 

islands in certain places. In such places, the (C3S)2-Au layer becomes sandwiched 
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between Au(111) and the closed-packed C60 islands. Only in places where large enough 

bare Au(111) surface is exposed, can C60 molecules adsorb directly on Au(111). 

 

 
Figure 2. (a) STM image, 82 nm × 46 nm, obtained using –2.14 V sample bias and 0.03 nA 
tunneling current at 110 K from Au(111) with 0.5 ML of C60 deposited on top of 0.22 ML of 
propylthiolate. Inset shows a height profile taken along line A-B. (b) Filtered STM image used to 
determine the position of the C60 rows relative to that of the propylthiolate rows. The straight lines 
indicate the (C3S)2-Au rows. (c) STM image, 49 nm × 42 nm, obtained using –2.14 V sample bias 
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and 0.03 nA tunneling current, of C60 molecules inside the domain boundaries of the SAM. (d) 
Height profile acquired across line C-D in (c) shows that the “bright” molecules appear taller than 
the “dim” molecules by ~0.3 nm. 

 

 
Figure 3. Ball model illustrating the location of C60 molecules between two (C3S)2-Au rows. 

 
 Warming the C60/ (C3S)2-Au/Au(111) sample to room temperature brings drastic 

changes to the surface morphology. The C60 molecules, floating on top of the SAM at 

110 K, have all moved down to make direct contact with the Au(111) substrate. Figure 

4a shows an STM image of the sample acquired at RT over a relatively large area of 500 

nm × 500 nm. A large number of close-packed C60 clusters have appeared. These 

clusters consist of closed-packed molecules with regular shapes as shown in the 
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high-resolution image of Figure 4b. Inset in Fig. 4b shows that the C60 clusters are 0.6 

nm tall. This is similar to the height of the dim C60 molecules in Fig. 2c. Thus, we can 

conclude that C60 clusters in Fig. 4 sit directly above the Au(111) substrate with the 

space in between the islands filled by the SAM. With half of the Au(111) surface now 

overtaken by C60 molecules, the (C3S)2-Au layer is expected to be in its highest density 

phase which is known as the 3 × 4 phase.50 The 3 × 4 phase can be clearly imaged with 

the STM at RT.50 However, the space-filling SAM as shown in Fig. 4b appears to have 

no ordered structure. Based on a simple evaluation of the fractional surface area 

occupied by the SAM, the density of (C3S)2-Au would have reached to a level well 

above the maximum density that can be reached on Au(111) in the absence of C60. The 

maximum coverage of alkanethiol monolayers on Au(111) is 1/3 ML when there are no 

other co-adsorbed molecules. In the presence of C60, it is not clear if the C60 molecules 

are able to compress the SAM even further. There is the possibility that compression 

may have caused partial desorption of thiolate as (C3S)2, although we do not have mass 

spectroscopy to measure desorption products. However, RT desorption of (C3S)2 is 

rather unusual. Even for methylthiolate monolayer on Au(111), thermal desorption is 

observed only when temperature reaches ~ 310 K.52 Previous works with alkanthiol 

SAMs show that starting from a low coverage striped phase, adding more thiol 

molecules at RT results in compressing the SAM into ultimately the most dense phase 

at 0.33 ML coverage.55 With C60 molecules competing for the same Au(111) surface, 

we expect that when C60 molecules drop down from above the propylthiolate layer to 

the gold substrate, the propylthiolate layer gets compressed into a higher density phase. 

No ordered structure is observed for areas in between the C60 clusters. It is noted that 

ordered structure for the striped phase shown in Fig. 1a as well as that for the 3 × 4 

phase of propylthiolate50 can be readily observed at RT. The absence of ordering seen 

for areas in between the C60 islands is hence a genuine effect. The initial regular striped 

phase is replaced by a disordered phase once C60 is incorporated into the thiolate matrix. 

Unfortunately, we are not able to give any further details of this disordered phase of 

propylthiolate without further studies. It is known that C60 withdraws charge from 

Au(111). This charge transfer may contribute to the weakening of the bonding between 
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propylthiolate and the Au(111) substrate. There is no preferential decoration of surface 

steps by C60 molecules as can be seen in Fig. 4a and b. This is because propylthiolate 

species at step edges are more strongly bound and thus more difficult to be replaced by 

C60. The presence of propylthiolate has completely altered the growth mode of C60 on 

Au(111) allowing nucleation and growth only at locations away from the steps. In Fig. 

4, one can see that most of the C60 clusters have molecules close-packed along the 

 direction. A small fraction of the clusters have the molecules close-packed along 

the direction. These two close-packing directions are consistent with previous 

observations when only C60 molecules are present on the Au(111) surface.27, 38, 44 

However, in the presence of the propylthiol SAM, the fraction of oriented clusters 

is significantly higher.  

 
Figure 4. (a) STM image, 500 nm × 500 nm, obtained using –2.46 V sample bias and 0.04 nA 
tunneling current at RT from Au(111). (b) Zoomed-in image, 80 nm × 80 nm, acquired using –1.78 
V sample bias and 0.03 nA tunnel current, showing the shape of the C60 islands. The majority of the 
clusters have the same orientation with  the close-packing direction for C60 molecules. White 
arrows point to islands with the alternative orientation where C60 molecules are close-packed along 
the  direction.  Inset shows a height profile plotted along line L-M.  

 

The main steps in the formation of C60 clusters inside the SAM is further illustrated 

schematically in Figure 5. A vacancy in the SAM provides the initial anchoring point 

for the first C60 molecule. More molecules join in subsequently to form a cluster as the 
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SAM is compressed and pushed sideways. Further expansion of the C60 cluster 

becomes gradually more difficult when the density of the SAM around the C60 cluster 

approaches its maximal value. Nucleation and growth is still possible at other locations 

where the density of the SAM is low because the low coverage striped phase can exist 

side-by-side with the high coverage phase 49, 53, The density of the SAM surrounding a 

large C60 cluster is expected to be higher than that around a smaller cluster. This leads to 

a decrease in the growth rate as the C60 cluster size increases and hence prevents the 

formation of very large clusters. In the presence of the thiolate monolayer, steps are no 

longer the preferred nucleation sites for C60 clusters.56 Propylthiolate are so strongly 

bound to step edges that they cannot be displaced by C60 molecules. This is in great 

contrast with the formation of C60 clusters on bare Au(111) substrates where growth 

from step edges are always preferred.27, 38, 46 Because of the existence of steps with 

different azimuthal orientations, on clean Au(111) surface, C60 molecules forms several 

domains of different orientations. By preventing nucleation from steps, all C60 clusters 

formed within the SAM matrix tend to have their close-packed molecular rows aligned 

with the direction. 

 

 11 



 
Figure 5. Illustration of the proposed mechanism showing how C60 molecules squeeze into the 

SAM as the temperature is raised. Green arrow at the right indicates the direction of increasing T. 

Formation of the C60 cluster compresses the SAM in the vicinity of the cluster. This leads to higher 

resistance against further growth of the cluster.  

 

We next describe molecular exchange between neighboring C60 clusters. The molecular 

clusters as shown in Fig. 4a and b appear stable at room temperature. However, slow 

exchange of molecules between clusters is observed to occur on a relatively slow time 

scale. Figure 6 shows a series of images of a C60 cluster, collected over 10 minutes’ time. 

Between two adjacent frames, we sometimes observe the number of molecules within 

the cluster to change by about ±3 molecules or ~2%. Over a long period of time, there is 

no gross growth of one cluster at the expense of others such as that predicted by 

Ostwald ripening. Each cluster is stable with the number of molecules remaining rather 
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constant subject to minor fluctuations. The presence of the propylthiolate SAM, in 

particular the high coverage phase of the SAM, suppresses the diffusional movement of 

C60 molecules between C60 clusters. 

 

 
Figure 6. STM images taken sequentially from a C60 cluster over 10 minutes’ time at room 

temperature.  

 

The size distribution of C60 clusters formed at RT within the SAM is plotted and shown 

in Figure 7a. The average cluster consists of 130 C60 molecules. In contrast, when 

depositing on a bare Au(111) surface at RT, C60 molecules form very large islands only 

limited by the size of the atomic terrace of the Au(111) substrate.27, 38  Figure 7b shows 

how the number of molecules in typical C60 clusters fluctuates with time at room 

temperature. We have randomly chosen three clusters from a large number of clusters 

and monitored their sizes as a function of time.  
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Figure 7.  (a) Size distribution of C60 clusters based on the measurement from a total number of 

645 clusters. The average cluster consists of 130 molecules.  (b) The number of molecules within 

the C60 cluster measured as a function of time at RT. Three clusters of different sizes are followed 

over 35 minutes.  

The effect of the propylthiolate monolayer on the growth of C60 clusters can be 

demonstrated further by comparing the behavior of C60 on the clean Au(111) surface. 

Fig. 8a shows an STM image where C60 clusters can be seen to have formed at the 

elbow sites at 45 K. When the sample is subsequently warmed up to RT, mass migration 

of the molecules to step edges takes place as shown in Fig. 8b. Disintegration of the 

clusters is found when temperature reaches to ~ 200 K. Therefore, in the absence of the 

thiolate monolayer, the small C60 clusters are much less stable. When C60 molecules are 

deposited onto Au(111) at RT, very large C60 islands are formed. The coverage of C60 

shown in Fig. 8c is comparable to that in Fig. 4a.  
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Figure 8. (a) and (b). STM images, 120 nm × 120 nm obtained using –1.45 V bias voltage and 

0.01 nA tunnel current, showing the behavior of C60 molecules sitting on the clean surface of 

Au(111). (a) C60 molecules form molecular clusters at the elbow sites. (b) Upon warming to RT, 

most clusters disappear from the elbow sites. C60 molecules are found to aggregate along step edges. 

(c) Large C60 islands are formed when C60 molecules are deposited onto Au(111) at RT.  

 

There have been a number of studies involving the organization of C60 molecules 

assisted by the co-adsorption of another molecule by exploiting the interaction of C60 

with the co-adsorbate.57-64 For instance, a well known scheme is to mix C60 molecules 

with an electropositive molecule so that charge transfer between the molecules leads to 

the stabilization of a donor-acceptor configuration.57  Donor-acceptor interaction leads 

to the formation of regular molecular networks, similar to the formation of 

supramolecular networks using hydrogen bonding 5-10 or metal-organic coordination. 

11-16 Our system consists of two electronegative species, C60 and propylthiolate, 

competing for charge from the metal substrate. Separate phases of C60 and thiolate 

SAM are formed. In an earlier study of the co-adsorption of C70 and octanethiol on 

Au(111) by Deering and Kandel,64 it was found that pre-adsorbed C70 molecules were 
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pushed aside when octanethiol molecules were added to the substrate. The possibility 

of the propylthiolate SAM to exist in many coverage dependent structural phases 

makes the SAM a compressible matrix that can regulate the growth of C60 clusters. 

Conclusions 

To summarize, we have demonstrated that small C60 clusters can be formed within a 

propylthiolate matrix. C60 clusters consist of close-packed C60 molecules with 

well-defined azimuthal orientations. The propylthiolate offers resistance against the 

diffusion C60 molecules and hence hinders the formation of large clusters via the usual 

Ostwald ripening process.  
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