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Chapter 6 
 
Surface Assembled Molecular Motors with 
Pyridine Moieties 
 

 

 

 

               

 

 

 

The behavior of overcrowded alkene-based light-driven molecular motors is well 

understood in solution. However, in order to get out of the Brownian regime it is crucial 

to assemble the molecular motors in a controlled manner on modified surfaces. In this 

chapter, the adsorption of second generation molecular motors with pyridine moieties 

on a modified HOPG surface was studied with STM under ambient conditions. The ISA-O-

C18 adlayer serves as a successful template for the adsorption of second generation 

molecular motors with pyridine moieties in the lower-half. The presence and accessibility 

of the carboxylic acid groups seemed to be key features for the binding of the molecular 

motors via hydrogen bonding under ambient conditions. 
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Chapter 6 

6.1 Introduction 

The attachment of molecular motors on surfaces is crucial to develop responsive 

materials among others. Already several motors have been studied under ambient 

conditions in bulk whilst they were covalently anchored to a surface,1–5 a significant 

advancement to the field would be to examine the behavior of physisorbed single-

molecules on the surface. Moreover, it is crucial to have the rotary motion of these 

molecular motors happening on surfaces rather than in solutions in order to get out of 

the Brownian regime. The first challenge would be to trap the molecular motors in a 

controlled manner on a modified surface. In this chapter, the adsorption of molecular 

motors with pyridine moieties on modified highly oriented pyrolytic graphite (HOPG) 

surfaces was studied with STM under ambient conditions. 

In the approach presented here, 5-(octadecyloxy)isophthalic acid6 (ISA-O-C18) 

molecules (Figure 6.1a) were used to construct surface confined adsorbed layers 

(adlayers)7 for the adsorption of pyridine functionalized second generation molecular 

motors i.e.  molecular motors with distinct upper and lower halves.8,9 It has been 

reported that isophthalic acid derivatives, alkylated with a linear octadecyl chain, 

form lamellar structures at the 1-phenyloctane/HOPG interface.10 In this system, the 

hydrogen bonding between the carboxylic acid groups is dominated by the 

intermolecular van der Waals interactions between the interdigitating alkyl chains as 

well as the interactions between the chains and the underlying graphite surface.10–16  

The unit cell depicted in Figure 6.1c contains two ISA-O-C18 molecules and has the 

following unit cell parameters a= 3.6 ± 0.3 nm, b = 0.94 ± 0.05 nm and γ = 81 ± 1°.16 

 

 

Figure 6.1 a) Chemical structure of ISA-O-C18. b) STM image of an monolayer of ISA-O-C18 
molecules formed by self-assembly at the 1-phenyloctane/HOPG interface. (10.7 nm × 10.7 nm) 
c) Molecular model (zoom-in images (b)) of the two-dimensional packing of ISA-O-C18 
molecules and proposed unit cell. Reproduced with permission from reference [16] Copyright 
© 1996 American Chemical Society. 

Here, we are looking for a system to trap molecular motors on the surface via 

noncovalent interactions. Several studies about noncovalent interactions in complexes 

of carboxylic acid and heteroaromatics have been reported, revealing a key role of the 
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hydrogen bonding on the geometrical structure of the resulting complex (Figure 

6.2).17,18 Formic acid, the simplest carboxylic acid, and pyridine are preferably linked 

together on the same molecular plane. This maximizes the hydrogen bonding 

interaction between the nitrogen atom and the hydroxyl group (N···H-O) and allows 

the presence of a second weaker hydrogen bonding between the aromatic hydrogen of 

the pyridine and the carboxylic oxygen of the formic acid (CH···O). 17,18                      

                 

Figure 6.2 Geometries of the pyridine-formic acid complexes optimized at the B3LYP/6-
311++G(d,p) level of theory, with hydrogen-bond distances (black dashed lines) of a) 1.719Å 
(N···H-O), 2.467Å (CH···O) b) 1.775Å (N···H-O) c) Example of specific solvation effect (solvent-
formic acid) on the hydrogen bonding interaction of complex (a), showing a reduction of the 
(N···H-O) of 0.05Å. (1.665Å (N···H-O), 2.503Å  (CH···O), 1.707Å (O···H-O). Reproduced with 
permission from reference [17] Copyright © 2002 American Chemical Society 
 

Having the carboxylic acid molecules in hand, in the form of the ISA-O-C18 adlayer, 

the next step is selecting a motor with pyridine moieties. In this way the motor can 

potentially bind to the adsorbed ISA-O-C18 molecules via hydrogen bonding.     

                                   

Scheme 6.1 Rotational behavior of second generation pyridine motor (compound 1). 

The target molecular motor in this chapter for the adsorption studies on modified 

HOPG is a second generation molecular motor with two pyridine moieties in the 

lower-half (compound 1). With the pyridyl-substituents at position 2 and 7 of the 

fluorene core, the rotation of the motor should be unhindered upon binding with the 
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carboxylic acid molecules. Scheme 6.1 depicts the photochemical and thermal 

isomerization processes during the 360° unidirectional rotation of compound 1. The 

molecular motor undergoes a photochemical E/Z isomerization upon irradiation with 

395 nm followed by an irreversible thermal helix inversion (THI).9 

6.2 Results and Discussion 

6.2.1 ISA-O-C18 adlayer in 1-phenyloctane 

The ISA-O-C18 molecules were dissolved in 1-phenyloctane with a concentration in 

between 1×10-4 M and 9×10-4M. To fabricate the adlayer, the solutions were heated 

(90°C-100°C) before drop casted on a freshly cleaved HOPG surface. The alkylated 

isophthalic acid molecules spontaneously self-assemble into ordered lamellae 

immediately after deposition. The isophthalic acid head groups appear as bright 

protrusions while the alkyl chains are observed as darker regions on the STM images 

(see Figure 6.3) which is in accordance with the literature.16  

  

Figure 6.3 STM topography images of ISA-O-C18 at the 1-phenyloctane/HOPG interface. With 
imaging parameters of a) Vtip = 1.5 V, Iset= 109 pA, 7.5 nm x 7.5 nm b) Vtip = 1.75 V, Iset= 55 pA, 50 
nm x 50 nm and c) Vtip = 0.25 V, Iset= 200 pA, 150 nm x 150 nm. The bright protrusions 
correspond to the isophthalic head groups while the alkyl chains are observed as darker 
regions.   

After imaging the ISA-O-C18 layer, a solution of compound 1 in 1-phenyloctane was 

drop casted on top of the adlayer. After the deposition of the molecular motor with 

pyridine moieties, white protrusions appeared on the STM images around the edges of 

the ISA-O-C18 domains (Figure 6.4a-c). This indicated that compound 1 adsorbed on 

top of the ISA-O-C18 adlayer and that the pyridine moiety is probably binding to the 

free carboxylic acid groups of the adlayer at the domain boundaries. The ISA-O-C18 

molecules are physisorbed and the adlayer is therefore dynamic, meaning that the 

molecules can adsorb and desorb. As a consequence, larger domains could be 

observed over time and upon scanning. However after the addition of compound 1, 

the adlayer became less organized (long-range ordered domains could not be 
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observed anymore). The more concentrated the solution of compound 1 in 1-

phenyloctane the higher the degree of disorder (Figure 6.4a-c).  

                       

Figure 6.4 STM topography images after adsorption of compound 1 on the ISA-O-C18 adlayer 
on HOPG in 1-phenyloctane. a) After deposition of a saturated solution of compound 1 (2×10-

3M) (Vtip = 1 V, Iset= 60 pA, 50 nm x 50 nm). b) After deposition a lower concentration of 
compound 1 (2×10-4M) (Vtip = 0.7 V, Iset= 20 pA, 50 nm x 50 nm). c) After deposition compound 
1 (2×10-4M ) (Vtip = 0.7 V, Iset= 20 pA, 50 nm x 50 nm). d) 3D-representation of image c showing 
elevated heights for the adsorbed molecular motors (yellow protrusions).  

Adsorption experiments with different structures (Scheme 6.2) were performed in 

order to get more insight in the bonding motif of this system. Changes in the upper-

half of the molecular motor would confirm that there is no interaction with this part of 

the motor and the surface. Experiments with a compound containing one pyridyl 

group in the lower-half could confirm our hypothesis that only one pyridine moiety is 

responsible for the binding on the ISA-O-C18 adlayer. Compounds 2 and 3 contain 

different upper-halves compared to the parent compound, where compound 4 is 

modified in the lower-half of the overcrowded alkene. 

The results of the experiments denote that a change in upper-half does not affect the 

binding affinity of the motor with the adlayer as can be seen in Figure 6.5a-b, both 

compounds affected the adlayer in a similar way as compound 1. Adsorption of 

compound 2 led to a disordered adlayer. Even though, the resolution of the images is 

not high enough to identify the molecules around the domain edges, experiments with 
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different concentrations of compound 2 indicated that the distortion must be caused 

by the adsorption of compound 2. There were no remarkable changes of the adlayer 

after deposition of compound 2 in a concentration of 7×10-5M where the adlayer got 

disordered upon deposition of compound 2 in higher concentrations (7×10-4M,  1×10-

3M and 3×10-3M, respectively).  The images after the adsorption of compound 3, which 

has a six-membered ring in the upper-half, on the isophthalic acid adlayer are 

comparable with the results of the experiments with compound 1. The domains got 

smaller after the deposition of compound 3 and bright protrusions were observed on 

the positions of the free carboxylic acid groups. On the other hand, modification of the 

lower-half of the motor, did affect the binding affinity with the adlayer. Although 

compound 4, with one pyridine moiety in the lower-half of the motor, does still adsorb 

on the surface, the overall coverage of motors on the surface was lower in this case. 

This indicates that the motor is only bound with one pyridine moiety to the surface. 

Therefore, having only one pyridine moiety will decrease the chance that the motor 

hit the surface successfully. Also the fact that compound 4 is a weaker base compared 

to compound 1, due to the presence of the fluor atom, might also affect the binding 

affinity with the isophthalic acid molecules.  

 

     

Scheme 6.2 Chemical structures of compounds 2-4. 

  

Figure 6.5 STM topography images after adsorption experiments on the ISA-O-C18 adlayer on 
HOPG in 1-phenyloctane. a) adlayer after deposition of compound 2 (7×10-4M) (Vtip = 1 V, Iset= 
25 pA, 80 nm x 80 nm) b) adlayer after deposition of compound 3 (Vtip = 0.9 V, Iset= 50 pA, 50 
nm x 50 nm)  c) adlayer after deposition of compound 4 (Vtip = 1 V, Iset= 100 pA, 50 nm x 50 nm). 
b,c) compounds 3 and 4 were drop casted on top of the ISA-O-C18 adlayer as saturated 
solutions in 1-phenyloctane. 
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In addition to the adsorption experiments with compounds 2-4, an adlayer was 

fabricated from dimethyl 5-(octadecyloxy)isophthalate (ISAOC-O-C18) molecules in 1-

phenyloctane on HOPG, so an adlayer without carboxylic moieties and hence it was 

not possible to adsorb the pyridine motor on top of this adlayer. Compound 1 does not 

adsorb on bare HOPG either thus the motor can only be trapped on the surface in the 

presence of accessible carboxylic acid moieties. Based on previous observations we 

made a schematic representation of the possible binding motif of compound 1 on the 

ISA-O-C18 adlayer in 1-phenyloctane. Expected is that the pyridine moiety binds to 

the carboxylic acid group in a planar geometry, since that would result in the 

strongest hydrogen bonding interaction (Figure 6.6a). Therefore the isophthalic acid 

core might be tilted, as shown in Figure 6.6b However it cannot be excluded that the 

geometry of the pyridyl-carboxyl complex is different. The position of the adsorption 

of compound 1 on the ISA-O-C18 adlayer in 1-phenyloctane is most likely restricted to 

domain boundaries, since this is where the accessible carboxylic acid groups are. 

(Figure 6.6c).                                   

  

Figure 6.6 Schematic representation of possible binding motifs of compound 1 on ISA-O-C18 
adlayer in 1-phenyloctane. a) Side view of RCOOH-pyridine interaction. b) Top view of ISA-O-
C18 (with tilted head group) and ISA-O-C18-compound 1 complex. c) Representation of ISA-O-
C18 adlayer with a limited number of adsorbed motors around domain edges.  

6.2.2 Nanocorrals 

Previous experiments showed that the pyridine motor is trapped by the free acidic 

head groups of the adlayer. Controlling the amount of these free acidic head groups by 

nanoshaving19 would allow us to selectively bind the pyridine motor to the surface. 

Using this technique, we can modify the size and shape of bare HOPG areas and 

therefore perhaps control the assembly of ISA-O-C18. Well-ordered domains of ISA-O-

C18 molecules contain a limited amount of free acidic head groups, whereas 

disordered areas have more free carboxylic acid groups, and thereby many possible 

adsorption sites. Nanoshaving is a technique where a STM tip is used to precisely 

remove covalently bound molecules from the surface.19–21 Here, an HOPG surface was 
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covalently modified with aryl radicals which were electrochemically generated from 

aryl diazonium precursors.22–25  The modified surface was subsequently scanned by a 

STM tip to remove the covalently bound molecules in a controlled manner, allowing to 

have control over the size and the shape of the created nanocorral. The scanning was 

carried out in a saturated solution of ISA-O-C18 molecules in 1-phenyloctane (the 

solution was dropcasted at a temperature of 95°C on top of the covalently modified 

HOPG substrate). Applying this in situ nanoshaving method, allows the formation of 

nanocorrals as well as the self-assembly of the ISA-O-C18 molecules occurring in a 

single step at the solid-liquid interface.20  

In collaboration with S. De Feyter from the KULeuven we designed a few experiments 

in order to selectively bind the motor to the ISA-O-C18 surface. We aimed to form 

ordered lamellar structures in the square nanocorrals while the circular corrals were 

expected to give a disordered ISA-O-C18 assembly with many accessible carboxylic 

acid groups. The circular corrals would thereby be good adsorption templates for the 

molecular motors (Figure 6.7a). In situ nanoshaving was performed on a covalently 

modified HOPG substrate to create different shaped nanocorrals (Figure 6.7b). The 

isophthalic acid molecules self-assembled in all the corrals. Nevertheless, the 

rectangular shape of the nanocorrals did not induce a regular lamellar pattern of ISA-

O-C18 molecules. Different approaches were attempted to improve the order of the 

assembly of ISA-O-C18 within the rectangular nanocorrals, the speed of the 

nanoshaving was changed, different aspect ratios were examined, the direction of 

nanoshaving with respect to the underlying graphite was changed and the 

concentration was varied. None of the approaches resulted in well-ordered 

isophthalic acid arrays (Appendix 6A). The irregular patterns have many accessible 

carboxylic acid groups and are present in both, the rectangular and circular 

nanocorrals. Therefore, this prevents the selective adsorption of compound 1 in only 

the circular nanocorrals.  
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Figure 6.7 a) Schematic figure to show the design of the project. b) STM topography images of 
ISA-O-C18 (saturated solution in 1-phenyloctane at 95°C) self-assembly within in situ created 
nanocorrals. c) Nanocorrals with ISA-O-C18 after the deposition of compound 1 (1 mg/ml in 1-
phenyloctane). d) Image of circular nanocorral after the deposition of compound 1 (1 mg/ml in 
1-phenyloctane). c-d) The molecular motors appear as bright protrusions on top of the 
carboxylic acid arrays. The bright protrusions outside the nanocorrals correspond to the 
covalent grafted aryl species. b-d) With imaging parameters (Vtip = 0.8 V, Iset= 60 pA). 

In Figure 6.7c it can be seen that the second generation molecular motor with pyridine 

moieties can be trapped in all the nanocorrals. The high-resolution image of a circular 

nanocorral in Figure 6.7d clearly shows the defined protrusions of the molecular 

motor on top of the carboxylic acid arrays. This demonstrates that the adsorption of 

compound 1 on ISA-O-C18 in 1-phenyloctane can be conducted under various 

conditions. Although we were not able to control the adsorption of the molecular 

motor within the different nanocorrals, we were able to control the adsorption of 

compound 1 on the nanoscale by using the nanocorrals as a molecular mask.  

6.2.3 ISA-O-C18 adlayer in different solvents 

In previous paragraphs it was shown that ISA-O-C18 adlayer can serve as a trapping 

template for the pyridine motors in 1-phenyloctane. However, small irregular 

domains of ISA-O-C18 molecules on HOPG were formed using this solvent. In order to 

get more control over the amount of adsorption sides on the adlayer it is desirable to 
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get control over the domain size, therefore it was tried to create adlayers in different 

solvents. Furthermore, larger domains might eventually give rise to perfect lamellar 

structures of isophthalic acid in rectangular nanocorrals. The first solvent which was 

tried to induce a long-range ordered lamellae pattern of ISA-O-C18 molecules on 

HOPG was n-tetradecane. However, upon dropcasting a saturated ISA-O-C18 solution 

in n-tetradecane a self-assembled monolayer entirely existing of n-tetradecane 

molecules was formed.  

The second attempt was the use of n-octanoic acid. The assembly of ISA-O-C18 in 

octanoic acid is similar to the assembly in 1-phenyloctane. The molecules organize in a 

lamellar fashion with the same unit cell in both solvents (Figure 6.1). However, larger 

domains could be observed when the adlayer was prepared in octanoic acid rather 

than in 1-phenyloctane (Figure 6.8a). Upon sequential deposition of compound 1 on 

the ISA-O-C18 adlayer, linear assemblies (assemblies where the lamellar assembly of 

the alkyl chains was still preserved) of the motor were found around the domain 

edges (Figure 6.8b-c). The arrays consisting of linear aligned motors showed only a 

short range order (single arrays from roughly 3 to 30 nm). When solutions of ISA-O-

C18 (5x10-4M) molecules and compound 1 (2×10-3M) were deposited together on the 

surface in a 1:1 ratio (premix deposition), the whole surface was covered with arrays 

of linear aligned motors (Figure 6.8d). The arrays showed a slight increase in order, 

where motors were aligned over a distance up to 70 nm. Changing the concentrations 

of the pre-mixtures (ISA-O-C18:compound 1) from 5×10-4M:2×10-3M to 5×10-

5M:2×10-3M resulted in new types of assemblies. The new most observed assembly 

consisted of porous structures with around eight molecular motors (bright 

protrusions) adsorbed around the edges of the, with alkyl chains filled, molecular 

pores (Figure 6.8e). The pores appeared in different sizes, the smallest pores were 

filled with 6 alkyl chains where the largest pores contained up to 16 alkyl chains from 

the ISA-O-C18 molecules (Figure 6.8f-g). To improve the organization of the molecules 

on the surface the premix was deposited at an elevated temperature. Upon the 

deposition of the premix at a temperature of 100°C, the amount of linear assemblies 

reduced and the surface consisted mainly of porous assemblies. The long-range order 

of the molecular motors on the surface increased significantly in this system 

(compared to linear assemblies), domains up to 13000 nm2 of porous assemblies were 

formed with an average domain size of roughly 3500 nm2. However, it has to be 

mentioned that the ordered porous assemblies are probably not very stable on the 

surface. In Figure 6.8e it can be seen, that there is a mobile phase (indicated by the 

turquoise arrow) in between the domains. Furthermore, we observed that all the 

experiments in n-octanoic acid were sensitive for concentration and maybe also 

temperature and humidity variations.  

The packing of the complex assemblies and the role of the n-octanoic acid molecules is 

not yet understood. Involvement of n-octanoic acid molecules in the ISA-O-C18-



 

99 

 

 

 Surface Assembled Molecular Motors with Pyridine Moieties 

compound 1 complex could increase the strength of the hydrogen bonding in a similar 

way as shown in Figure 6.2c, this could promote the pre-complexation of the ISA-O-

C18 with compound 1 in the pre-mixed solutions. Linear assemblies were formed with 

a relatively high concentration of ISA-O-C18 and compound 1 molecules. Lowering the 

concentration of these molecules might have led to solvent adsorption. In Figure 6.8f-g 

are possibly solvent molecules adsorbed in the areas in between the pores (indicated 

by the orange arrows).   

Table 6.1: Overview of experiments in n-octanoic acid.  The premixed samples are prepared 
with a 1:1 volume ratio of ISA-O-C18 and compound 1 (or 2). The resultant effective 
concentrations are presented in grey below the concentrations. 

Deposition ISA-O-C18 Compound 1 Observations 
Sequential  

rt  5×10
-4

M 2×10
-3

M (1 mg/ml) 
Linear  aligned  motors in between ISA-O-
C18 domains.   

Premix  
rt 

5×10
-4

M 

2.5×10
-4

M 

2×10
-3

M (1 mg/ml) 

1×10
-3

M  (0.5 mg/ml) 

Linear  aligned  motors. No domains of 
entirely ISA-O-C18 molecules observed.   

Premix 
rt 

1×10
-4

M 

5×10
-5

M 

2×10
-3

M (1 mg/ml) 

1×10
-3

M  (0.5 mg/ml) 

The major assembly consisted of porous 
structures with mobile areas in between the 
domains.  Minor observation: linear arrays. 

Premix  
100°C 

1×10
-4

M 

5×10
-5

M 

2×10
-3

M (1 mg/ml) 

1×10
-3

M  (0.5 mg/ml) 

The major assembly consisted of linear 
aligned motors.  Minor observation: pores 
and mobile areas. 

Premix  
rt 

5×10
-5

M 

2.5×10
-5

M 

1×10
-3

M (0.5 mg/ml) 

5×10
-4

M (0.25 mg/ml) 

The major assembly consisted of porous 
structures with mobile areas in between the 
domains.  Minor observation: linear arrays. 

Premix  
100°C 

5×10
-5

M 

2.5×10
-5

M 

1×10
-3

M (0.5 mg/ml) 

5×10
-4

M (0.25 mg/ml) 

The major assembly consisted of porous 
structures with mobile areas in between the 
domains. Linear arrays were seldom 
observed.  

Deposition ISA-O-C18 Compound 2 Observations 

Premix  
100°C 

1×10
-4

M 

5×10
-5

M 

3×10
-3

M (1 mg/ml) 

1×10
-3

M (0.5 mg/ml) 

The major assembly consisted of porous 
structures with mobile areas in between the 
domains.  Minor observation: linear arrays. 

 

Preliminary irradiation experiments have demonstrated that the interaction between 

the pyridine moiety of compound 1 and the isophthalic acid molecules in n-octanoic 

acid does not break upon irradiation (Appendix 6B). Since the different isomers of the 

motor will probably not show a different contrast in the STM images it is not possible 

to conclude that the motors rotate on the surface upon irradiation. In order to study 

rotational behavior of these assembled molecular motors it would be necessary to 

redesign the motor with for example a larger upper-half.  
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As previously shown, compound 2 shows a different contrast on the STM images to 

compound 1 (Figure 6.5a). Therefore, we hoped that experiments with compound 2 

would help us to reveal the binding motif of the complex systems formed at the n-

octanoic acid/HOPG interface. Furthermore, similar assemblies for both compounds 

would establish the presence of compound 1 or 2, respectively, on the surface.  

Experiments with a premix of ISA-O-C18 and compound 2 displayed comparable 

binding affinities of compound 1 and 2 with the ISA-O-C18 molecules resulting in 

similar assemblies (Figure 6.8h-i). Porous assemblies, with pores surrounded with six 

compound 2 molecules, were observed after the deposition of the premix (ISA-O-

C18:compound 2) of 1×10-4M:3×10-3M at 100°C. The protrusions corresponding to 

compound 2 around the pores show a different contrast compared to the protrusions 

of compound 1. The oval-shaped protrusions in Figure 6.8i  are 1.01 ± 0.08 nm long 

and have a width of 0.6 ± 0.03 nm. These dimensions are different from the 

protrusions corresponding to compound 1, which protrusions usually appear in a 

circular shape with a diameter of 1.46 ± 0.02 nm. We would expect larger protrusions 

for  parallel adsorbed compound 2 molecules since the theoretical N-N distance in the 

lower-half was reported as 1.54 nm.9 The sizes of the protrusions confirm the 

hypothesis of a perpendicular assembly of compound 1 and 2 with respect to the 

surface. All the experiments in n-octanoic acid were summarized in Table 6.1. 
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Figure 6.8 STM images after adsorption experiments on the ISA-O-C18 adlayer on HOPG in n-
octanoic acid. a) ISA-O-C18 (5×10-4M) adlayer, deposition at 100°C (Vtip = 1 V, Iset= 100 pA, 450 
nm x 450 nm). b,c) Sequential deposition at rt of compound 1 (2×10-3M) on the ISA-O-C18  
adlayer (Vtip = 0.7 V, Iset= 10 pA, 150 nm x 150 nm). d) Premix (ISA-O-C18 (5×10-4M):compound 
1 (2×10-3M)) deposition at rt (Vtip = 0.7 V, Iset= 10 pA, 250 nm x 250 nm). e) Premix (ISA-O-C18 
(5×10-5M):compound 1 (1×10-3M) deposition at 100°C (Vtip = 1 V, Iset= 10 pA, 200 nm x 200 
nm). f) Premix (ISA-O-C18 (5×10-5M):compound 1 (1×10-3M) deposition at 100°C (Vtip = 1 V, 
Iset= 20 pA, 25 nm x 25 nm). g) Premix (ISA-O-C18 (5×10-5M):compound 1 (1×10-3M) deposition 
at rt (Vtip = 1 V, Iset= 10 pA, 25 nm x 25 nm). h) Premix (ISA-O-C18 (1×10-4M):compound 2 
(3×10-3M) deposition at 100°C (Vtip = 1 V, Iset= 10 pA, 65 nm x 65 nm). i) Premix (ISA-O-C18 
(1×10-4M):compound 2 (3×10-3M) deposition at 100°C (Vtip = 1.1 V, Iset= 20 pA, 20 nm x 20 nm). 
The turquoise arrows indicate the mobile phases in between the domains, while the orange 
arrows point towards the mobile phases in between the pores.  
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6.3 Conclusion 

In summary, the ISA-O-C18 adlayer serves as a successful trapping template for 

second generation molecular motors with pyridine moieties in the lower-half 

(compound 1). The presence and accessibility of the carboxylic acid groups at the 

domain boundaries of the adlayer seemed to be key features for the adsorption of the 

molecular motors via hydrogen bonding under ambient conditions. The formation of 

nanocorrals by nanoshaving in 1-phenyloctane allowed for controlled positioning of 

the molecular motors on the surface at the nanoscale. Compound 1 could also be 

adsorbed on the ISA-O-C18 adlayer in n-octanoic acid. However, the dynamic behavior 

of the adlayer and the concentration dependence of the systems in n-octanoic acid 

made it difficult to design long-range ordered arrays of molecular motors on the 

surface. The  molecular pores formed by the deposition of the  premix with an 1:1 

volume ratio of ISA-O-C18 (5×10-5M):compound 1 (1×10-3M) show a high local degree 

of organization. 
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6.4 Experimental  

STM measurements: All experiments were performed at room temperature (21-25 

°C) using a Molecular Imaging STM operating in constant-current mode at the 1-

phenyloctane/HOPG interface.  STM tips were prepared by mechanical cutting of Pt/Ir 

wire (90/10, diameter 0.25 mm, Goodfellow). Prior to STM imaging the isophthalic 

acid and the molecular motors were dissolved in 1-phenyloctane (>98.0%, purchased 

by TCI) or n-octanoic acid (>98.0%, purchased by TCI). The solutions were heated to 

90-100°C and subsequently drop casted onto a freshly cleaved HOPG surface (ZYB 

grade, Bruker AFM probes). During scanning the STM tip was immerged into the 

solution. STM images were analyzed and processed using WSxM 5.0.26 All bias values 

were given with respect to a grounded tip.  

Nanocorrals: The HOPG substrate (grade ZYB, Advanced Ceramics Inc.) was 

covalently modified with 3,5-bis-tert-butylbenzenediazonium (2 mM). The STM 

images from the nanocorral experiments were analyzed and processed using Scanning 

Probe Imaging Processor (SPIP) software (Image Metrology ApS). Nanoshaving and 

subsequent scanning was performed using mechanical cut tips from Pt/Ir wire 

(80/20, diameter 0.25 mm, Advent Research Materials Ltd). 
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Synthesis: The synthesis of the isophthalic acid derivatives was adopted from 

literature6 and included the alkylation with 1-iodooctadecane in the presence of K2CO3 

of the commercial available dimethyl-5-hydroxyisophthalate giving dimethyl 5-

(octadecyloxy)isophthalate (ISAOC-O-C18) with a yield of 97%. Hydrolysis in 

ethanol/water in the presence of NaOH resulted in ISA-O-C18 with a yield of 83%. The 

synthesis and characterization of compound 1 and 4 is reported in literature.9  

Characterization compound 2: 4,4'-(9,9-dimethyl-9H-fluorene-2,7-diyl)dipyridine 

Compound 2 was synthesized using reported literature procedures.9 1H NMR (400 

MHz, CDCl3): δ (ppm) δ 8.72 – 8.65 (m, 4H), 7.86 (d, J = 7.9 Hz, 2H), 7.72 (d, J = 1.7 Hz, 

2H), 7.66 (dd, J = 7.9, 1.7 Hz, 2H), 7.62 – 7.56 (m, 4H), 1.60 (s, 6H). 13C NMR (101 MHz, 

CDCl3): δ (ppm) 155.1, 150.3, 148.8, 139.6, 137.8, 126.5, 121.8, 121.5, 121.1, 77.5, 

77.2, 76.8, 47.4, 27.3. HRMS (ESI+, m/z): Calcd for C25H21N2 [M+H+]: 349.1705, found: 

349.1702 

Characterization compound 3: 4,4'-(9-(3-methyl-2,3-dihydrophenanthren-4(1H)-

ylidene)-9H-fluorene-2,7-diyl)dipyridine. Compound 3 was synthesized using 

reported literature procedures.9,27,28  1H NMR (400 MHz, CDCl3): δ (ppm) 8.76 (s, 2H), 

8.39 (d, J = 13.2 Hz, 3H), 8.03 – 7.95 (m, 4H), 7.80-7.73 (m, 2H), 7.68 – 7.66 (m, 2H), 

7.47 (t, J = 9.1 Hz, 2H), 7.41 – 7.39 (m, 1H), 7.29 (t, J = 7.7 Hz, 1H), 6.53 (d, J = 5.0 Hz, 

2H), 6.26 (s, 1H), 4.40 (q, J = 7.2 Hz, 1H), 2.81 (d, J = 14.3 Hz, 1H), 2.68 – 2.50 (m, 2H), 

1.44 (d, J = 6.8 Hz, 3H), 1.27 (m, 1H). 13C NMR (101 MHz, CDCl3): δ (ppm) 150.6, 149.7, 

149.1, 148.5, 146.6, 141.0, 140.8, 139.5, 139.4, 138.9, 137.6, 136.5, 133.1, 132.6, 132.6, 

132.2, 129.2, 128.5, 127.3, 126.7, 126.3, 125.8, 125.5, 125.2, 124.4, 124.3, 120.8, 119.8, 

35.4, 30.9, 29.9, 21.0. HRMS (ESI+, m/z): Calcd for C38H29N2 [M+H+]: 513.2331, found: 

513.2326 
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Appendix 6A 

 

Figure 6A1 a) Standard nanoshave conditions: saturated solution of ISA-O-C18 in 1-
phenyloctane. Nanoshaving parameters: Speed: 0.4µm/s, Slow nanoshaving direction: 
orthogonal to high symmetry axes of graphite, Vtip= 0.001V, Iset= 200pA. b) Increased speed 
(4µm/s). c) Change in nanoshave direction. Slow nanoshaving direction: parallel to high 
symmetry axes of graphite.  d)  Change in nanoshave direction. Slow nanoshaving direction: 15° 
off high symmetry axes of graphite.  e) Standard nanoshave conditions. Different sizes of the 
nanocorrals. f) Standard nanoshave conditions. Different aspect ratios of the nanocorrals. g) 
Standard nanoshave conditions. Triangular shaped nanocorrals. h) Standard nanoshave 
conditions with a diluted (3x) sample of the saturated ISA-O-C18 molecules in 1-phenyloctane. 
i) Diluted (3x) sample of the saturated ISA-O-C18 molecules in 1-phenyloctane on bare HOPG. a-
e) 150 nm × 150 nm f) 80 nm × 80 nm. g-i) 150 nm × 150 nm. The high-symmetry axes of 
graphite are represented by the black lines in the lower left corner. 
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Appendix 6B 

 

Figure 6B1 Irradiation experiments of premixed sample. Premix of ISA-O-C18 (1x10-4M) and 
compound 1 (2x10-3M) in n-octanoic acid deposition at room temperature. Imaging parameters 
a-g) Vtip=0.8 V, Iset=60 pA, 137 nm × 137 nm, h) Vtip=0.8 V, Iset=60 pA, 300 nm × 300 nm 

Minor changes in the assembly were observed upon irradiation and over time. 

However the linear and porous assemblies caused by the adsorption of compound 1 

molecules are still preserved. Therefore we assume that the motors did not release 

from the surface upon irradiation.  
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