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Chapter 8 
 
Self-Assembly of Molecular Motors on HOPG via  
Bis(urea)tapes 

 

 

 

 

 

 

 

 

In this chapter, the possibility of adsorbing molecular motors on a surface via 
bis(urea)tapes under ambient conditions will be explored. The goal was to align the 
molecular motors orthogonally using the directing urea groups. In order to create 
enough free volume for the motor to rotate, several support molecules are proposed to 
separate the molecular motors within the tape from each other.  
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Chapter 8 

8.1 Introduction 

One of the key challenges in supramolecular surface science is the fabrication of 

functional two-dimensional (2D) architectures.1–3 The functionality of the 2D-

structures relies on a precise control of the position, orientation and distribution of 

the functional molecules e.g. molecular motors, on the surface.4 Surface included 

motors in two-dimensional trigonal arrays5 and  numerous non-ordered covalently 

anchored molecular motors on surfaces have been studied in bulk under ambient 

conditions.6–10 One of the remaining challenges is to align light-driven molecular 

motors on the surface while avoiding interference effects between the motors and 

controlling the orientation of the motor with respect to the surface. In this chapter a 

system is designed to physisorb perfectly aligned molecular motors in the same 

orientation on surfaces via molecular tapes and to allow for the study of the 

photochemical behavior of single molecules. Molecular tapes are envisioned as 

narrow strips, consisting of many molecules sticking together, on the surface.  

The design strategy is based upon the selection of complementary hydrogen bond 

functionalities using urea derivatives for the fabrication of two-dimensional molecular 

architectures.11,12 Another important part of the design is the implementation of alkyl 

chains. Alkanes are known to align on highly oriented pyrolytic graphite (HOPG) along 

the main symmetry axis, most often in a coplanar fashion.4 The templated alignment 

of the alkyl chains on graphite and the intramolecular van der Waals interactions 

between the alkyl chains result in closed packed lamellae structures of long n-alkanes 

on HOPG. 4,13,14 Several systems, so called bis(urea)tapes, based on two urea moieties 

within an alkyl chain or an alkyl chain with e.g. thiophenes (Scheme 8.1), have been 

adsorbed on a HOPG substrate.15–18   

 
 

 

Scheme 8.1 Chemical structures of reported bis(urea)tapes. R=C12H25. [15-17] 

 
Each urea moiety in a lamella (of T1-T3 and X1-X2 molecules) can form up to four 

hydrogen bonds with neighboring molecules resulting in eight hydrogen bonds per 

molecule.18 The hydrogen bonding between adjacent molecules resulted in a highly 

ordered supramolecular organization. STM studies on the 2D structures formed by the 

bis(urea)-substituted thiophene tapes (T1-T3) revealed interesting behavior.16,17 In 

contrast to the alkyl chains, which are aligned parallel to the graphite surface, the 

thiophene moieties were tilted with respect to the surface due to steric hindrance 
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with neighboring thiophene rings. The ability of tilting the conjugated part of the 

molecule is of great importance in our design, where we would like to adsorb the 

motor in an orthogonal orientation with respect to the HOPG substrate in order to 

allow the motor to rotate in an azimuthal fashion.   

 

8.2 Molecular design of bis(urea)-substituted molecular motors 

In order to get operating and well-aligned linear array of molecular motors on the 

surface it was essential to design a support for the surface assembled motors. The 

function of the support molecules is to prevent a coplanar assembly of the motors on 

the surface and to induce spacing between the molecular motors in order to avoid 

steric interference upon rotation. The first design of the molecular support (Scheme 

8.2, compound 1) consisted of a fluorenone group in order to have a geometrical 

match with the lower half of the motor. Using spacers (orange chain) of the same 

length generated a spatial match between the urea functionalities of compounds 1 and 

2. The second-generation motor (compound 2) was selected because of its 

photoresponsive properties. The parent motor, with a central five membered ring in 

the lower half without substituents and a central six membered ring in the upper half, 

has a half-life of the metastable form of 1376 years at room temperature.19 The six 

membered ring in the upper half induces a high barrier for the thermal helix inversion 

due to the steric hindrance in the fjord region. Therefore, at room temperature, this 

motor behaves as a molecular switch with two distinct absorption spectra for the 

different isomers, allowing forward and backward switching upon irradiation at two 

different wavelengths. This in combination with the outstanding values for the 

photostationary state (PSS), namely 91:9 (metastable:stable), makes this motor a 

good candidate for the incorporation in molecular tapes. 19–21   

 

Scheme 8.2 Chemical structures of the bis(urea)-derivative serving as support (compound 1) 
and the bis(urea)-derivative with a incorporated molecular motor (compound 2).  

In order to form molecular tapes from the fluorenone and molecular motor 

derivatives it is important to induce carefully chosen substituents to optimize the 

intramolecular interactions and to enhance the attraction with the HOPG surface. The 

spacer (orange chain) of 6 carbons, is present to place the urea moieties away from 

the molecular motor. The chromophoric moieties of compounds 1 and 2 are expected 
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Chapter 8 

to show an high contrast on the STM images. In order to investigate the packing within 

a molecular tape the motor and the urea moieties were separated by the spacer in 

order to enhance the contrast on the STM images deriving from the urea groups. 

Further extension of the molecules by the use of an alkyl chain (black chain) –C12H25 

would presumably induce a lamellar packing on HOPG due to the intermolecular van 

der Waals interactions and the interactions with the underlying graphite, as observed 

for bis(urea) thiophene tapes.15–17     
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8.3 Results and Discussion 

8.3.1 Self-assembly of bis(urea)-substituted molecular support tapes 

First, to perceive if it is feasible to form molecular tapes with our molecular design, 

the self-assembly of only the support molecules was studied. The molecular tapes 

made from support molecules were fabricated by dissolving compound 1 in n-

octanoic acid prior to the deposition on HOPG. Other solvents i.e. 1-octanol and 1-

phenyloctane, did not result in good samples of compound 1 due to the gelation 

properties and the poor solubility, respectively. A saturated solution of compound 1 in 

n-octanoic acid was diluted 5 times and heated up to 150°C before deposition by drop 

casting on a freshly cleaved HOPG surface. Compound 1 self-assembled in domains 

(see Appendix 8A for large area images) of lamellar bis(urea)tapes. The fluorenone 

moieties appeared as bright protrusions in the middle of the tape and the urea 

moieties are recognizable as small protrusions next to the fluorenone groups (see 

Figure 8.1a-b). The bright lines indicated by the turquoise arrows in Figure 8.1b 

suggest that the interactions between the urea motieties are still present between two 

different domains. The unit cell of compound 1 is represented in Figure 8.1c with 

measured unit cell parameters of, a=6.47±0.06 nm, b=0.41±0.05 nm and 

γ=87.57±2.19°. The presence of orthogonal aligned fluorenone cores is deduced from 

the small value of b, since reported studies on adsorptions of fluorenone-derivates on 

HOPG revealed values of ≥0.6 nm for the distance between two coplanar adsorbed 

fluorenone cores.22–24 

 

Figure 8.1 STM images of compound 1 at the n-octanoic/HOPG interface. a) 3D-image (top) and 
2D-STM image (bottom) showing the orthogonal aligned fluorenone cores  (Vtip = 0.8 V, Iset = 50 
pA 25 nm × 12 nm). b) Two different domains of the bis(urea)-tape. The interactions between 
urea moieties of two different domains are indicated by the turquoise arrows (Vtip = 1 V, Iset = 25 
pA, 25 nm × 25 nm). c) Schematic representation of the packing of compound 1. Indicated unit 
cell, with parameters a=6.47±0.06 nm, b=0.41±0.05 nm and γ=87.57±2.19°. 

These results demonstrated that the bis(urea)-substituted support molecules 

assemble in molecular tapes as envisioned. The urea moieties can be clearly identified 

due to the spacer in between the fluorenone core and the urea group and the tapes are 

organized in a lamellar fashion on the graphite surface. The question is whether this 
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lamellar assembly will continue to exist if the fluorenone cores are replaced with the 

more bulkier molecular motor (compound 2).   

8.3.2 Bis(urea)-substituted molecular motor tapes 

Before examining the assembly of bis(urea)-functionalized molecular motor 2 on the 

surface, the photochemical behavior of the molecular motor was studied in solution 

by UV/vis spectroscopy. Upon irradiation of compound 2 in degassed DCM with 365 

nm light, a bathochromic shift was observed which is characteristic for the formation 

of the metastable isomer (Figure 8.2a). Subsequently, metastable-2 was switched back 

to the stable form by irradiation with 420 nm light. The clear isosbestic point at λ = 

375 nm shows that these photoisomerization steps are unimolecular processes. It 

appears that the substituents in the lower half of the motor have a detrimental effect 

on the efficiency of the photoisomerization behavior.  

               

Figure 8.2 UV/vis absorption spectra of bis(urea)-functionalized molecular motor 2 (6×10-5 M 
racemic mixture) at room temperature in a) degassed DCM and b) n-octanoic acid. Compound 2 
(grey line) was irradiated with 365 nm light to obtain the metastable form (turquoise line) and 
switched back to the stable form (orange line) with 420 nm light.  

Further studies on control compounds revealed that the two oxygen atoms attached to 

the lower-half of the motor are responsible for a lower photostationary state (PSS) 

and longer irradiation times (Appendix 8B). This was not foreseen since substitution 

of the 7H of the fluorene lower-half by a methoxy group at the parent motor did not 

lead to significant changes in the photochemical behavior of the motor (PSS ratio of 

97:3 (E:Z) was reached in 2 minutes upon irradiation with 312 nm light at rt (heptane, 

1×10-5M)).25 Furthermore an unfavorable influence of the solvent was encountered, as 

the performance of the motor was aggravated by substituting the commonly used 

solvent DCM for n-octanoic acid i.e. the solvent designated for the STM experiments. 

The PSS ratios of the forward reaction were similar in both solvents and reached 

within 2 h, however it took almost 4.3 h to reach PSS upon irradiation with 420 nm in 

n-octanoic acid (Figure 8.2). During the backward reaction to stable-2, decomposition 

was encountered and the sample was therefore not irradiated until PSS. Further 
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experiments have to determine how these observations affect the system while being 

adsorbed on the surface. By subsequent 1H-NMR studies was a PSS ratio of 78:22 

(metastable-2:stable-2) determined after 15 h of irradiation at 365 nm in DCM at rt 

(6×10-3 mM). The PSS 35:65 (metastable-2:stable-2) for the backward reaction was 

reached after 15 h of irradiation at 420 nm.   

The self-assembly of a racemic mixture of compound 2 on the surface was studied at 

the n-octanoic acid/HOPG interface by STM. We were pleased to observe the 

formation of molecular tapes on the surface, despite the increased volume of the 

molecular motor with respect to the fluorenone core of compound 1. Thus, this 

system amounts to the first demonstration of light-driven unidirectional molecular 

motors adsorbed and well-aligned on the surface under ambient conditions. However, 

the large volume of the motor did induce many defects in the molecular tape, since the 

strong interactions between the urea groups push the motor units together while the 

van der Waals interactions repel the motors apart. Figure 8.3a-b show that the 

molecular tapes only reveal a short range order. The turquoise arrows in Figure 8.3b 

indicate defects caused by molecular motors which are not stacked in the middle of 

the tape. 

 

 

Figure 8.3 Bis(urea)-tapes with incorporated molecular motors. a) STM topography images of 

compound 2 (8.4×10-3 M) at the n-octanoic acid/HOPG interface after the deposition at 150°C 

(Vtip = 0.7 V, Iset = 20 pA, 50 nm × 50 nm). b) Zoom of (a) (25 nm × 25 nm). The turquoise arrows 

indicate molecular motors which are not stacked in the middle of the tape. c) Schematic 

representation of the alignment of compound 2. In this model both the S and the R enantiomers 

are used. The molecules occupy too much space and it is therefore expected that this 

hypothetical model differs from the real situation.  

Figure 8.3c shows a schematic representation of the bis(urea)-tapes with 

incorporated molecular motors. From the STM data there was no clear evidence that 

there is a substantial difference in the unit cells of compound 1 and 2, therefore, for 

this hypothetical model of compound 2 the same unit cell was used as was measured 

for compound 1. However, the model shows clearly that the motor units are hindered 

by each other and that the actual packing of the molecules has to deviate from this 

model. This increased steric hindrance probably explains why there are many defects 
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in the bis(urea)-motor tapes as indicated in Figure 8.3b. Another explanation for the 

defects could be that the motor units are in alternating up and down positions to 

create more space or that the motor units are tilted with respect to the surface.  

8.3.3 Co-assembly bis(urea)-substituted motors and support molecules 

We successfully aligned the molecular motors on the surface via the bis(urea)-tapes. 

However, we anticipate that in the current system, the motors do not have enough 

free volume to rotate. Furthermore, an increase in defects was observed in the 

molecular tapes due to steric interactions between the motor units. Controlling the 

distribution of the molecular motors by introducing support molecules (by co-

assembly) which could separate the motor units would presumably create enough 

space for the photochemical E/Z isomerization to occur. Therefore, a mixture of 

compound 1 and 2 in a 1:1 ratio in n-octanoic acid was deposited on the HOPG surface 

at 150°C via drop casting. The molecular tapes formed upon deposition of the mixture 

revealed less defects compared to the system consisting of only molecular motor 

molecules (Figure 8.4a). Even though sub-atomic resolution was not obtained during 

these measurements, it is still possible to identify the chromophoric moieties of the 

molecules as a bright line in the middle of the tape. At both sides of the cores we see 

the urea groups appearing as slightly less bright areas. The junction, which separates 

two different tapes, is clearly visible as a narrow dark line in between the tapes 

(indicated by the turquoise arrow on Figure 8.4b). However, the similarity in contrast 

on the STM images of the two different molecules within the tape made it difficult to 

distinguish between the support molecules and the motors.  

 

Figure 8.4  STM topography images after the deposition of a mixture with compound 1 and 2 in 
a 1:1 ratio (effective concentration 3×10-3M in n-octanoic acid) a) Large area scan showing the 
lack of long range order which suggest the presence of compound 2 (Vtip = 0.7 V, Iset = 20 pA, 
100 nm × 100 nm). b) STM image of a smaller area indicating that it is difficult to distinguish 
between compound 1 and 2 (Vtip = 0.7 V, Iset = 20 pA, 23 nm × 23 nm). c) Schematic 
representation of possible packing of molecular tapes formed by compound 1 and 2.  

The pictorial representation of the molecular model in Figure 8.4c shows that the 

support molecules 1 increase the space between two motor units 2, when assembled 

as presumed, in order to prevent any interference upon rotation. The images of the 
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molecular tapes made from a mixture of compound 1 and 2 did not reveal an 

enhanced contrast for the motor units. It is therefore challenging to assign the 

molecular motors and to study the photo isomerization processes in this system. 

Hence, it is difficult to determine whether the molecular tapes depicted in Figure 8.4a-

b consist of both molecules 1 and 2 or only contain one type of molecule.  

8.3.4 New molecular designs for the support molecules 

Previous paragraphs showed that the alignment of molecular motors on the surface 

via bis(urea)-substituted molecular tapes is an auspicious method. In order to further 

improve the presented molecular tapes it is necessary to adjust the molecular design 

of the support molecules. Two new support molecules (compounds 3 and 4) are 

proposed to enhance the contrast of the molecular motors within the bis(urea)tapes 

on the STM images (Scheme 8.3) and to prevent the photochemical side reactions 

which could occur with the fluorenone moiety.26–29 In compound 3 the carbonyl group 

is replaced by two methyl functionalities. These methyl groups can induce steric 

hinder, and therefore a larger separation between de fluorene-derivatives. This can 

eventually induce more space for the molecular motor to rotate. Thereby, a larger 

separation between the molecules might make it easier to image and analyze the 

system. However, the methyl groups might also disturb the packing in such a way that 

it prevents the desired orthogonal alignment of the molecular motors. Compound 4 

contains a 9H-fluorene core, and it is expected that the lack of substituents at the C-9 

position will reduce the steric hinder upon rotation. Furthermore, the absence of the 

carbonyl group might lead to a decrease in contrast on the STM images which would 

help to ascertain the presence of the molecular motors on the surface. To ensure 

optimal packing conditions, the alkyl spacer and tail will be of the same length as in 

the designs of compounds 1 and 2 as will be the positioning of the urea moieties. The 

packing of both support compounds (3 and 4) was studied by STM before the 

fabrication of the mixed bis(urea)-tapes.  

 

 

Scheme 8.3 Chemical structures of the newly designed support molecules (compound 3 and 4).  

Self-assembled molecular tapes of compound 3 (7.7×10-4M in n-octanoic acid) were 

formed by drop casting the solution at 150°C on HOPG. The STM images resemble 

similar assemblies as observed for compound 1 (Figure 8.5). Preliminary observations 

revealed the presence of larger domains compared to compound 1 (Appendix 8A). We 
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hypothesize that the two sterically demanding methyl groups are allowing for more 

dynamics on the adlayer i.e. more adsorption/desorption processes. 

 

Figure 8.5 STM topography images of compound 3 (7.7×10-4M deposition at 150°C) at the n-
octanoic acid/HOPG interface. a) Large area image showing a high degree of organization with 
domains in three different directions (rotated by a relative angle of approximately 60 degrees). 
The angle θ indicated on the figure between two domains is 120 degrees. Imaging parameters: 
Vtip = 1.2 V, Iset = 25 pA, 280 nm × 280 nm. b) Image of a smaller area showing tapes in high-
resolution (Vtip = 0.9 V, Iset = 50 pA, 50 nm × 50 nm). c) Zoom of designated area in image (b) (15 
nm × 15 nm). The turquoise arrows indicate a row of urea groups which are aligned crossing 
the defect. The orange box designate an area where the C12 chains are not adsorbed on the 
surface but are pointing in the solution.  
 

Self-assembled molecular tapes of compound 4 were formed by drop casting a 

solution at 150°C of 1.3×10-3M in n-octanoic acid on HOPG. The STM images resemble 

similar assemblies as observed for the other support molecules (Figure 8.6). Similar to 

the other support molecules 1 and 3, compound 4 has formed large domains and the 

tapes have less defects compared to the architectures formed by compound 2 

(Appendix 8A). Furthermore we could image the chromophoric part of compound 4 

with a very high resolution. We can therefore envision that identifying compound 2 on 

a mixed adlayer from compound 2 and 4 could be feasible. By scanning the underlying 

graphite surface, the orientation of the alkyl chains was revealed to be 

commensurating with the main symmetry axis of the HOPG surface (inset Figure 8.6c). 

This explains why the domains are present in three main directions (with respective 

angles of -60°, 0° and +60°). 
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Figure 8.6 STM topography images of compound 4 (1.3×10-3M deposition at 150°C) at the n-
octanoic acid/HOPG interface. a) Large area image showing a high degree of organization with 
domains in three different directions (rotated by a relative angle of approximately 60 degrees). 
The angle θ indicated on the figure between two domains is 120 degrees. Imaging parameters: 
Vtip = 0.75 V, Iset = 25 pA, 100 nm × 100 nm. b) Image of a smaller area showing different tapes 
in high-resolution (Vtip = 0.7 V, Iset = 20 pA, 40 nm × 40 nm). c) Sub-atomic resolution image of 
well-aligned compound 4. The inset represents the main symmetry axis of the underlying 
graphite surface showing that the alkyl chains align along one of the main symmetry axes of the 
HOPG surface. Imaging parameters: Vtip = 0.8 V, Iset = 25 pA, 15 nm × 15 nm. 

8.3.5 Co-assembly with the new support molecules 

Compound 3 has shown to form the largest domains (Appendix 8A) and should be less 

photosensitive compared to compound 4.29 Therefore, this was considered the best 

candidate for the fabrication of the mixed molecular tapes. 

 

Figure 8.7 STM topography images after the deposition of compounds 2 and 3 (1:1 ratio, 5×10-

4M, deposition at 150°C) at the n-octanoic acid/HOPG interface. a) Large area image showing 
small domains and disordered areas (Vtip = 0.7 V, Iset = 20 pA, 125 nm × 125 nm). b)  STM image 
of mixed molecular tapes showing bright protrusions in the middle of the lamellea (Vtip = -1.1 V, 
Iset = 10 pA, 35 nm × 35 nm). c) Image of the same area as (b) 1 min later showing similar 
protrusions (Vtip = -1.1 V, Iset = 10 pA, 35 nm × 35 nm).  

The motor and support molecules (compound 2 and 3) were dissolved in n-octanoic 

acid and mixed in a 1:1 ratio prior to the deposition on cleaved HOPG. The preliminary  

results (Figure 8.7) show a significant less ordered monolayer compared to an adlayer 

only consisting of compound 3. This indicates the presence of compound 2 on the 

surface.  Furthermore, there was an enhanced contrast observed in the middle of the 
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molecular tapes (Figure 8.7b-c). These bright protrusions might correspond to the 

molecular motors within the tape. Figure 8.7c was measured after Figure 8.7b and 

showed protrusions with similar shapes and size indicating that the system is rather 

robust. The lack of pulsing during imaging diminished the change of contamination by 

the STM tip. Despite the promising results, it has to be mentioned that the images of 

Figure 8.7 are originating from a rather small dataset. Additional experiments need to 

confirm if the enhanced contrast is indeed corresponding to the presence of the 

molecular motors within the tape.   

8.4 Conclusion

By carefully designing molecular bis(urea)-tapes, we demonstrated the adsorption 

and the controlled alignment of light-driven unidirectional molecular motors on a 

HOPG surface under ambient conditions. The high-resolution STM images revealed 

the tight alignment between the urea moieties. The molecular tapes formed by 

support compounds 1, 3 and 4 revealed precise alignment of the functional groups 

exhibiting the great potential of the use of bis(urea)-functionalities in new 2D 

molecular systems. The co-assembly of support and motor molecules presumably 

caused that the free volume of the molecular motor units increased while maintaining 

an orthogonally oriented molecular motor with respect to the surface. However, 

further experiments should be performed to establish the presence of the molecular 

motors within the mixed tapes. 

8.5 Outlook 

The bis(urea)-tapes show a high degree of order locally. However, on a larger scale it 

turned out to be difficult to form long-ranged assemblies (Appendix 8A). The long 

range order of the bis(urea)-tapes can conceivably be improved by decreasing the 

number of urea groups. Having only one urea moiety in each tape molecule decreases 

the intermolecular interactions and increases the dynamics of the system. Larger 

domains might form when molecules desorb and adsorb faster. Furthermore, a 

different solvent could also have an effect on the ordering of the molecules. Here we 

worked mainly with n-octanoic acid because it was the only solvent in which we could 

dissolve compound 1. By using other support molecules (compound 3 or 4) it is 

possible to investigate the effect of different solvents on the molecular assembly. 

In paragraph 8.3.3 and 8.3.5 the possibility of using different support molecules for 

the co-assembly with the molecular motor (compound 2) was explored. As shown in a 

preliminary study presented in paragraph 8.3.5 the relative contrast of the molecular 

motor on the STM images could be enhanced by replacing the ketone for the methyl 

groups. However, to perform an accurate study of the photochemical behavior of the 

motor molecules on the surfaces it is important to be able to image the rotating upper 

half, of the motor. Therefore a new design of a molecular motor with an adjustment in 

the rotor of the molecule was conceived. We envisioned that a rigid linker attached to 



                                                         

133 

 

 

 

 Self-Assembly of Molecular Motors on HOPG via  Bis(urea)tapes 

the upper-half of the molecular motor would make it possible to follow the E/Z 

isomerization by STM due to the expected asymmetric appearance of the protrusions 

corresponding to the chromophoric part of the new motor. The rigid linker needs to 

be long enough such that the protrusions of the new motor would at least cover the 

spacer (orange chain in scheme Scheme 8.4) on the STM images.   

 

 

Scheme 8.4 Chemical structures of the molecular motor with a rigid linker at the 6- and 5-
membered ring upper-half, respectively (compound 5 and 6).    

Compounds 5 and 6 both contain a 1,3-diphenylbuta-2,4-diyne linker attached at 

different positions on the upper half of the motor because of convenience during the 

synthesis. With the knowledge obtained from all the previous described experiments 

it seems feasible to create molecular tapes with incorporated molecular motors and 

that it will be possible to study the photochemical behavior of compound 5 and 6 on 

HOPG. However, in paragraph 8.3.2 was discussed that the electronic effect of the 

oxygen atom next to the lower-half of the motor has a detrimental effect on the 

photochemical behavior of the motor. Therefore, in the future, it should be considered 

to attach the urea functionalities directly, via the alkyl chains, on the lower half of the 

motor.    

Acknowledgements 
Cosima Stähler is thankfully acknowledged for the fruitful collaboration on this 

project. Cosima performed the synthesis and UV/vis and a part of NMR 

characterization of compounds 1-8. A detailed description of the synthesis will later 

be published in her thesis.   



 

134 

 

 

 

Chapter 8 

8.6 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 compounds 1-5 

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

heated to 150°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 5.0.30 Figure 8.6a + 

Figure 8A.1 (a, c and i) were processed using the removed line feature in the software. 

These images contained many artifacts possibly induced by the tip. These artifacts do 

distract the reader from the actual information of the image. Therefore, some of the 

black lines in the image were removed. In comparison, the lines in Figure 8A.1e are 

not removed. All bias values were given with respect to a grounded tip.  

General remarks synthesis: Compound 7 was synthesized using known literature 

procedures.25 The deprotection of the dimethoxymotor to the dihydroxymotor was 

followed by an alkylation with N-(6-bromohexyl)phthalimide resulting in compound 

8. Deprotection with hydrazine gave the unprotected amino motor which could 

further react with 1-isocyanatopentacosane to yield compound 2. The 1H and 13C NMR 

spectra were acquired on a Varian Mercury-Plus 400 MHz at 298K or at elevated 

temperatures on a Varian Inova 500 MHz spectrometer. Chemical shifts are denoted in 

δ values (ppm) relative to the residual solvent signal (for CHCl3 1H: δ = 7.26 and 13C: δ 

= 77.16, for DMSO 1H: δ = 2.50 and 13C: δ = 39.52). High resolution mass spectroscopy 

(HRMS) was performed on a Thermo Fischer Scientific LTQ Orbitrap XL with an ESI 

ionization source. 

Compound 1: 1H NMR (500 MHz, DMSO-d6, 100 °C): δ (ppm) 7.50 (d, J = 7.8 Hz, 2H), 

7.12-6.99 (m, 4H), 5.49 (s, 4H), 4.04 (t, J = 6.5 Hz, 4H), 3.08 – 2.92 (m, 8H), 1.72 (m, 

4H), 1.54 – 1.17 (m, 52H), 0.87 (t, 6H); 13C-NMR (126 MHz, DMSO-d6, 100 °C): δ (ppm) 

185.6, 158.9, 157.8, 136.4, 135.0, 120.7, 120.5, 110.1, 108.8, 68.1, 38.9, 30.7, 29.5, 29.5, 

28.4, 28.4, 28.2, 28.2, 28.0, 25.9, 25.6, 24.7, 21.4, 13.1; Mp. 171-172 °C; HRMS: calcd for 

C51H85N4O5
+ [M + H]+ 833.6520 found 833.6504. 

Compound 2: 1H NMR (400 MHz, CDCl3): δ (ppm) 7.92 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 

8.2 Hz, 2H), 7.58 (m, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.43 (d, J = 8.3 Hz, 1H), 7.35-7.30 (m, 

2H), 7.20 (t, 1H), 6.86 (dd, J = 8.4, 2.1 Hz, 1H), 6.54 (dd, J = 8.2, 2.2 Hz, 1H), 5.43 (d, 

J=2.3 Hz, 1H), 4.55 (s, 4H), 4.25 (m, 1H), 4.03 (t, 2H), 3.22-3.07 (m, 8H), 2.85 (m, 1H), 

2.69 (m, 1H), 2.59-2.47 (m, 2H) 2.46-2.38 (m, 1H), 1.84 (m, 2H), 1.58-1.36 (m, 12H), 

1.33-1.09 (m, 46H), 0.86 (t, J=6.8 Hz, 6H); 13C-NMR (101 MHz, CDCl3): δ (ppm) 158.6, 

158.1, 157.3, 144.5, 140.3, 139.4, 139.0, 134.4, 133.5, 133.4, 132.8, 132.4, 132.2, 128.4, 

128.2, 127.1, 126.1, 125.3, 125.2, 119.3, 118.8, 115.9, 113.1, 113.1, 109.8, 77.48, 77.2, 

76.8, 68.5, 67.2, 40.8, 40.6, 40.6, 34.7, 32.0, 31.1, 30.4, 30.3, 29.8, 29.8, 29.8, 29.7, 29.5, 
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29.5, 28.8, 27.1, 26.9, 26.6, 26.0, 25.6, 22.8, 20.9, 14.2; Mp. 58-59 °C; HRMS: calcd for 

C66H99N4O4
+ [M + H]+ 1011.7666 found 1011.7660. 

Compound 3: 1H NMR (500 MHz, DMSO-d6, 100 °C): δ (ppm) 7.54 (d, J = 8.3 Hz, 2H), 

7.03 (s, 2H), 6.85 (d, J=8.4 Hz, 2H), 5.48 (br s, 4H), 4.03 (t, J = 6.5 Hz , 4H), 3.01 (m, 8H), 

1.75 (m, 4H), 1.51 – 1.24 (m, 58H), 0.87 (t, J=6.2 Hz, 6H); 13C-NMR (126 MHz, DMSO-d6, 

100 °C): δ (ppm) 157.7, 154.4, 131.0, 119.2, 113.0, 109.0, 67.7, 45.9, 39.0, 38.9, 30.6, 

29.5, 29.5, 28.4, 28.3, 28.2, 28.0, 26.5, 25.8, 25.6, 24.8, 21.4, 13.1; Mp. 127-128 °C; 

HRMS: calcd for C53H91N4O4
+ [M + H]+ 847.7040 found 847.7024. 

 
Compound 4: 1H NMR (500 MHz, DMSO-d6, 150 °C): δ (ppm) 7.58 (d, J = 8.4 Hz, 2H), 

7.10 (s, 2H), 6.90 (d, J=7.9 Hz, 2H), 5.33 (br s, 4H), 4.04 (m, 4H), 3.82 (s, 2H), 3.07-3.00 

(m, 8H), 1.77 (m, 4H), 1.52-1.24  (m, 52H), 0.87 (t, J=6.2 Hz, 6H); 13C-NMR (126 MHz, 

DMSO-d6, 100 °C): δ (ppm) 157.8, 157.3, 143.8, 119.0, 119.0, 113.3, 111.3, 67.7, 67.7, 

40.0, 40.0, 39.9, 39.8, 39.7, 39.5, 39.4, 39.2, 39.0, 39.0, 39.0, 36.1, 30.7, 29.5, 29.5, 28.4, 

28.4, 28.2, 28.2, 28.0, 25.9, 25.6, 25.2, 24.8, 24.7, 21.4, 13.1; Mp. 178-179 °C; HRMS: 

calcd for C51H87N4O4
+ [M + H]+ 819.2529 found 819.6702. 
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Appendix 8A 

Figure 8A.1 shows large area STM images of compounds 1, 2, 3 and 4 to give an 

impression of the long range order of the different molecular tapes. These preliminary 

results show that the support molecules 1, 3 and 4 form larger domains compared to 

compound 2 (table 8A.1). The strong interactions between the molecules presumably 

prevented the system from forming larger domains.  

 

Figure 8A.1 STM topography images of compound 1-4 (corresponding to indices top right 
corner #1-#4, respectively). Imaging parameters a), b), c), d), e), f) Zoom out of same area as 
image (g) Vtip = 0.9 V, Iset = 50 pA, g) Vtip = 0.9 V, Iset = 50 pA , h) Vtip = 1.2 V, Iset = 25 pA and i) Vtip 
= 0.8 V, Iset = 25 pA. 
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Table 8A.1 Table with summary of preliminary results of the study of the long-range order 
assemblies of compounds 1-4. 

Compound 
Largest domain 

[nm2] 
Remarks 

#1 > 35000  

#2 > 11000 
Many defects within domains  
(motors adsorbed next to the main columns) 

#3 > 160000 Large domains with only a few defects 

#4 > 22000 
Largest scan 150 nm x 150 nm 
Only a few defects 

 

*Note, this are preliminary results to give an indication about the difference in long-range order 
for the respective systems. The domains are the areas where the urea tapes are aligned in the 
same direction, but it is not a defect free zone. The domains consisting of only compound 2 
show on average more defects than compounds 1, 3 and 4. 

 

Appendix 8B 

The substandard photochemical behavior of compound 2 compared to its parent 

motor without any substituents was explained by the use of measurements on control 

compound 7 and 8 (Scheme 8B.1). Compound 7 has two methoxy substituents in the 

lower-half of the motor and compound 8 contains two phthalimide  protected amino 

groups and was used in the second last step of the synthesis of compound 2. By 

comparing the photochemical behavior of these molecules using UV/vis spectroscopy 

a detrimental effect of the urea groups could be excluded.  

 

                                

Scheme 8B.1 Chemical structures of control compound 7 and 8 

Both compounds exhibit similar behavior to compound 2 when measured in DCM 

(Figure 8B.1). The PSS ratios were obtained after relatively long irradiation times 
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compared to the parent motor. It is therefore likely to assume that the substandard 

photochemical behavior is correlated with the presence of the two oxygen atoms 

connected to the lower half of the motor.  

 

Figure 8B.1 UV/vis absorption spectra of a) compound 7 and b) compound 8 in degassed DCM. 
In both spectra there is no clear isosbestic point which indicates decomposition and/or the 
formation of new species. The PSS of compound 7 and 8 after irradiation at 365 nm was 
reached after approximately 2.5 h. The backward reaction of both compounds was slower and 
took about 5 hours.  
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