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Chapter 1 
 
Introduction:  
Artificial Nanovehicles on Surfaces 

 

 

 

 

 

 

Over the past few decades, both physicists and chemists have worked on the rapid 

development of molecular machines, including the rise of new molecular vehicles. In this 

chapter, the design strategies and behavior of these molecular machines on surfaces is 

described and discussed.   
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Chapter 1 

A key challenge in the field of nanoscience is to design molecular machines 

that are individually controllable on surfaces, i.e., converting external stimuli (light, 

electricity, heat or a chemical transformation) into unidirectional translational 

movement at the nanoscale. This chapter will report on the development and design 

of unidirectional moving artificial nanovehicles on surfaces. 

1.1 Molecular motion on surfaces 

In 1998 Gimzewksi et al. reported the high-speed rotation of hexa-tert-butyl 

decacyclene on Cu(100) driven by thermal energy. This was probably the first single-

molecule observed on a dry surface exhibiting rotational motion and studied by 

scanning tunneling microscopy (STM).1 Although the molecules therein act as passive 

elements, this work raised interest in the fabrication of functional molecular machines 

on surfaces. Pushing motion2, lateral hopping motion3 and single atom displacement4 

induced by using STM tips were already reported in the early nineties of the last 

century. Furthermore, the STM was used to power several anchored molecular motors 

on the surface.5,6 These studies illustrated that STM is an important tool for the 

investigation of molecular machines at the nanoscale since it permits both 

visualization and manipulation of single-molecules on the surface. However, 

examination of rolling motion in nanomachines was required in order to mimic the 

directional motion of vehicles at the macroscale. The frequent non-directional 

hopping motion of surface-adsorbed molecules can occur in any direction towards the 

next adsorption site, whereas rolling motion of molecular wheels is expected to be 

directional. Grill et al. reported the first example of rolling motion of a single molecule 

equipped with two wheels on the surface and thereby, paved the path towards the 

bottom-up assembly of more complex nanovehicles.7  

The wheel-dimer molecules (Scheme 1.1a), containing two triptycene molecules 

connected via a rigid butadiyne linker, were specifically designed to be individually 

guided on a surface by the tip of an STM.8,9 The presence of the rigid linker allows 

independent rotation of each wheel around the central axle upon adsorption on a 

metal surface. Deposition of the wheel-dimer was achieved by sublimation at room 

temperature in an ultra-high vacuum (UHV) environment. Demobilizing the molecules 

by cooling the system down to 5 K allowed an extensive investigation of the 

displacement mechanisms upon STM manipulation. Upon manipulation of the wheel-

dimer at larger tip heights, the current signals could be assigned to the rolling 

movement of one of the wheels. The periodicity of the signal was approximately 7 Å 

(Figure 1.1e), which corresponds to the displacement of a triptycene-wheel after a 

rotation of 120° around the molecular axle. The displacement of one of the triptycene 

wheels is depicted in Figure 1.1a-b, where the other wheel remained in its original 

position. In contrast, the lateral motion of the molecules caused by pushing at smaller 

tip heights led to typical periodic current signals as presented in Figure 1.1f. The 3.6 Å 

periodicity of these signals corresponds to the distance between two atomic rows on 
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the Cu(110) surface. Therefore, the molecule was hopping rather than rolling from 

one copper row to the next. 

 

Figure 1.1 Different lateral displacements according to rolling and hopping mechanisms. a-d) 
STM images of wheel-dimers (see Scheme 1.1a for structure) on a Cu(11O) surface in UHV at 5 
K. a) Before, b) after manipulation with an STM tip (Δz < 4 Å) showing rolling of one of the 
triptycene moieties. c) Before, d) after manipulation with an STM tip (Δz ≥ 4 Å) showing 
hopping of the wheel-dimer molecule. The pathway of the tip apex during the manipulation is 
indicated by the arrow and the dashed lines indicate the initial position of the wheel-dimer 
molecules (all images 9 nm × 9 nm). e-f) Corresponding manipulation signals of the rolling and 
hopping mechanism, respectively. g) Schematic representation of the rolling mechanism. Tip 
heights (Δz) are represented with respect to the initial tip height of 7 Å. Reproduced with 
permission from reference [7]. Copyright © 2007, Springer Nature 

1.2 Molecular designs of nanovehicles  

Aiming for systems able to simultaneously undergo translational and rotational 

motions with two rolling wheels, a class of nanovehicles with triptycene wheels was 

designed. The first molecular nanovehicle came in the form of a molecular 

wheelbarrow.9 Scheme 1.1b shows a molecular analogue of a wheelbarrow consisting 

of two triptycene wheels connected to a long rigid linker with a polycyclic aromatic 

hydrocarbon platform which was thought to be lifted from the surface via bulky 3,5-

di-tert-butylphenyl legs. Even though they had to face many problems regarding the 

decomposition of these complex molecules upon sublimation, Rapenne and co-

workers successfully imaged the molecular wheelbarrow on a Cu(100) surface.10 

However, the strong interaction between the molecular wheelbarrow and the metallic 

surface prohibited lateral motion upon manipulation with the STM tip at 5 K. The 

same group established also a molecular analogue of a car (Scheme 1.1c) with the 

presence of four triptycene wheels attached to a perylene-based chassis.11 Based on 

the previous findings this molecule was expected to be unable to move across the 

surface.12  
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Chapter 1 

 

 

Scheme 1.1 Chemical structures of triptycene-based nanovehicles. a) Wheel-dimer, b) 
Molecular analogue of a wheel-barrow. c) Molecular analogue of a car.  

 
The strong physisorption of triptycene molecules on metallic surfaces prohibited any 

controlled movement of the molecular analogues of a wheel-barrow and car (Scheme 

1.1).12 A metal-semiconductor SmSi interface was introduced to change the molecule-

surface interaction.13 The periodic SmSi reconstructions led to the guided sliding of a 

new wheel-dimer (1,4-di-(9-ethynyltriptycenyl) benzene) along one surface 

orientation at room temperature. Their work demonstrated the importance of 

molecule–surface interactions in controlling the movement of molecules along a 

surface.  

 

The need of a rolling motion mechanism in order to induce directional movement 

encouraged scientists to examine new types of molecular wheels. Nearly perfect 

spherical and robust C60 fullerenes turned out to be good candidates. Tour and co-

workers developed a whole series of Nanotrucks14, -dragsters15 and -cars16–18 with C60 

fullerene-based wheels. Figure 1.2 shows two examples of nanovehicles with fullerene 

wheels, the fullerene-wheel based nanocar (FWBN) and the fullerene-wheel based 

trimer (FWBT). FWBN demonstrated to be stable and stationary at room temperature 

upon deposition via spin-casting from toluene on Au(111). This stability was  ascribed 

to the strong adhesion force between the fullerene wheels and the underlying gold 

substrate. Thermally driven motion of the FWBN molecules began at temperatures 

above 443 K in two different directions. Translational motion occurred only in the 

direction perpendicular to the axles indicating that the molecules roll along the 

surface. The observed pivoting motion can be explained by the ability of the fullerene-

wheels to rotate independently of each other. In contrast, the trimeric FWBT 

molecules only exhibited pivot motion since the geometrical shape of the axle inhibits 

translational rolling.18 Event though the nanocars based on C60 fullerene wheels 

successfully performed rolling motions on the surface, the electronic nature of the C60 

molecules means that those wheels would not be compatible with light-driven 

systems.  
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Figure 1.2 Fullerene wheel based nanovehicles based on oligo(phenylene ethynlene) linkers. 
The arrows indicate the predicted direction of rolling motion on surfaces. Reproduced from 
reference [19]. Copyright © 2009, American Chemical Society. 

 
In the quest for molecular wheels suited for rolling light-driven nanovehicles, two new 

types of wheels were introduced in the form of p-carboranes20–24 and organometallic 

complexes25. The rolling motion of p-carborane wheels, however, has never been 

established. It is synthetically difficult to modify the p-carboranes unsymmetrically to, 

for example, install a tag which would help to investigate the movement mechanisms. 

Attaching organometallic ruthenium complexes as wheels to the nanovehicle might 

conceivably cause problems during the deposition, and the difficulty of clean 

deposition of these complexes might explain the lack of reported STM studies. An 

alternative design for molecular-wheels to improve the mechanical abilities of 

nanovehicles was introduced by the group of Rapenne.26 They presented bowl-shaped 

boron–subphthalocyanine fragments coupled to an ethynyl-axle. This molecule should 

have a low affinity to the surface compared to the previous reported triptycene 

wheels because of the non-planarity of the three iminoisoindole-lobes of the structure. 

The rolling motion of the molecule on the surface could be studied by desymmetrizing 

one of the wheels with a nitrogen-tagged fragment. These double-wheel molecules 

were successfully sublimed on an Au(111) surface and subsequently imaged at 5 K. In 

a few cases, rolling a double-subphthalocyanine-wheel molecule on the surface over a 

short trajectory has been established. However, in most cases the molecules only slid 

over the surface after pushing or pulling with an STM tip due to the too-flat Au(111) 

surface.27 To determine whether the subphthalocyanine-wheels are suitable for 

incorporation in nanovehicles, their rolling motion should be studied on more 

corrugated surfaces.  

1.3 Molecular motors based on overcrowded alkenes 

Previously reported examples described the motion on surfaces of intrinsically inert 

molecules, meaning that the molecule itself could not perform independent motion 
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without being either thermally-driven or mechanically manipulated with an STM tip. 

A drawback of STM manipulation, i.e. pushing, pulling and pulsing, of these inert 

molecules is that it only addresses one molecule at a time. One solution to this 

limitation are light-activated systems, since many of those systems can simultaneously 

be actuated via irradiation. Incorporating a molecular motor that is able to respond to 

external stimuli as light or electric pulses in the chassis of a nanovehicle would be a 

significant improvement to the design of unidirectional molecular nanovehicles. 

Promising candidates for the development of autonomous nanomachinery are the 

molecular motors based on overcrowded alkenes.  

 

                                      
Scheme 1.2 Rotary cycle of the first generation light-driven molecular motor. Reproduced from 
reference [28]. 

 
The first molecular motor based on an overcrowded alkene was developed in 1999 in 

the Feringa group.28 This first-generation molecular motor has two identical halves on 

each side of a C-C double bond, featuring as the rotary axle, and features two 

stereocenters. The two methyl substituents of the stereogenic center adopt a pseudo-

axial orientation in the thermodynamically stable isomers. The steric interactions in 

the fjord region of the motors cause the halves to twist out of plane resulting in a 

helical structure (Scheme 1.2). Upon irradiation of (P,P)-trans-1 with UV light, a 

photochemical cis-trans isomerization occurs resulting in an isomer with opposite 

helicity ((M,M)-cis-2). The reversible character of this isomerization step means that 

there is no full conversion of the (P,P)-trans-1 isomer into the (M,M)-cis-2 isomer, 

instead, a photostationary state (PSS) is reached under continuous irradiation. For the 

motor depicted in Scheme 1.2, the cis to trans PSS ratio is found to be 95:5. After this 

isomerization, the two stereogenic methyl substituents ended up in an energetically 

less favorable pseudo-equatorial orientation. In order to adopt their energetically 
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favored (pseuodo-axial) position again, the motor undergoes a thermal relaxation step 

in which both halves slide alongside each other (helix inversion), resulting in (P,P)-cis-

2. In this newly formed isomer, with inverted helicity, the methyl groups re-adopted 

their preferred pseudo-axial orientation. Hence, the isomers that are prone to undergo 

the thermal helix inversion (THI) have often been referred to as ‘unstable’ or 

‘metastable’ state isomers. The second part of the cycle proceeds in a similar fashion: 

photoisomerization of (P,P)-cis-2 to the unstable (M,M)-trans-1 occurs with a PSS 

ratio of trans to cis of 90:10 and is followed by a second thermal helix inversion 

resulting in the reformation of (P,P)-trans-1. The THI step is an important step in the 

rotary cycle of the motor, since the energy difference between the two isomers is so 

large that this step can be considered as an irreversible step which eventually allows 

for 360° unidirectional rotation around the carbon-carbon double bond. 

Among the overcrowded-alkene based molecular motors, the second-generation 

molecular motor29 is the most suitable candidate for the  incorporation in a molecular 

nanovehicle. This asymmetric motor with non-identical upper and lower halves and 

only one stereogenic center allows for a broad scope of functionalization.  

Several systems with second generation molecular motors anchored on surfaces via 

functionalization of the lower half have been already reported, demonstrating that the 

motor is able to perform unidirectional rotational motion under ambient conditions 

upon light irradiation on different substrates, e. g. on gold nanoparticles30, gold31, 

quartz32,33 and Si/SiO2 substrates.34 Moreover, it is possible to synthetically modify 

these systems to adjust the rotational speed.29,35–39 

     

Figure 1.3 Schematic representation of the three different generations of overcrowded alkene 
based molecular motors. The arrows indicate possible rotary motion around the double bond 
axle in an arbitrary fashion.  

Development of the third-generation molecular motor revealed insight in the role of 

the stereogenic center on the unidirectional rotation. Whereas two stereogenic 

centers are responsible for the unidirectional rotation in the first-generation 

molecular motor, this has been reduced to a single stereogenic center in the design of 

the second generation molecular motor. In the latest design, the third-generation 

molecular motor, there is no stereogenic center present; this symmetric achiral motor 

bears two rotor units and has only a pseudo-asymmetric center. However, rotary 
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Chapter 1 

motion around both axels was found to occur in a unidirectional fashion when the 

pseudo-asymmetric center has two groups of distinct different sizes attached to it. 40,41   

1.4 Motorized nanovehicles 

The first motorized nanovehicle was realized in 2006 in the group of Tour.42 With an 

unidirectional overcrowded alkene based rotary motor incorporated in the chassis of 

their nanovehicle, they expected to enforce directional motion on the surface via a 

propulsion mechanism (Figure 1.4a). However, with a half-life of the unstable state of 

the motor unit of 101 hours at room temperature this design was not compatible with 

further STM investigations. Attempts with the previously used fullerene wheels did 

not fare as well due to intramolecular quenching of the photoexcited state of the 

motor unit.42 In an ameliorated version of their motorized nanocar, a faster second-

generation molecular motor was implemented in the chassis with a half-life of the 

unstable state of approximately 10-7 seconds.39,43  

 

 
 
Figure 1.4 Motorized nanocars with p-carborane wheels. a) Proposed propulsion scheme for 
the motorized nanocar 1 where (1) illumination with 365 nm light would induce (2) rotation of 
the molecular motor and subsequent (3-4) translational motion across the surface. b)  
First motorized nanocar with second-generation overcrowded alkene based molecular motor in 
the chassis. c) Motorized nanocar with a faster second-generation molecular motor in the 
chassis. d) STM image after adsorption of the structure depicted in c. The five-lobed protrusions 
in the white circles represent single nanocars. Smaller protrusions can be assigned to 
decomposed molecules. Images a-b are reproduced from reference [40], images c-d are 
reproduced from reference [43]. Copyright © 2012, American Chemical Society. 
 
Even though the deposition on a Cu(111) surface was successful and the motorized 

nanovehicles could be imaged, it was not possible to induce translational motion upon 

light irradiation or STM tip pushing due to the strong interaction between the 

nanovehicle and the surface.43 In 2011, the first example of directional motion of an 

electrical-driven motorized nanovehicle across a surface was reported by Feringa and 
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co-workers.44 Instead of using any of the previously depicted wheels, i.e. triptycenes7–

11, fullerenes14–18,23, organometallic complexes25, p-carboranes15,20–24,42,43 and 

subphthalocyanine moieties26,27, they incorporated molecular motors based on 

overcrowded alkenes in the axles in such a way that they can function as molecular 

wheels (Figure 1.5a). The proposed paddling movement of the four molecular motor-

based wheels on the surface should propel the nanocar forward upon applying 

external stimuli. After sublimation on a Cu(111) surface at 7K, the nanocars were 

imaged with STM under mild conditions so that no changes were induced upon 

scanning. Applying voltage pulses larger than 500 mV with the STM tip positioned 

directly above an individual nanocar resulted in movement of the molecule. A 6 nm 

long trajectory across the surface was travelled after ten excitation steps (Figure 

1.5b). Even though the motion of each separate motor unit is unidirectional, the 

overall displacement was not, as achieving simultaneous excitation of all motor units 

was not possible.  

 

 

Figure 1.5 First electrically driven unidirectional nanocar. a) Chemical structure of the meso-
(R,S-R,S) isomer. b) Trajectory of the ‘correct landed’ meso-isomer after 10 excitation steps. In 
the lower part, the cartoon depicts the geometry and the proposed direction of movement of the 
molecule. c) Trajectory after 10 excitation steps of the ‘wrongly landed’ meso-isomer, showing 
no net displacement. d) Trajectory after 40 excitation steps of the (R,R-R,R) isomer, showing 
random motion. Reproduced from reference [44].  

Additional evidence for the occurrence of electrically-driven motion of the nanocar 

came from the experiments probing the impact of the chirality of the motor units on 

the motion of the nanocar. Only the R,S-R,S isomer performed directional motion 

along the surface, provided that it ‘landed’ in the correct way. Free rotation around the 

bisalkyne C–C single bond led to two possible orientations of the meso-isomer on the 

surface. In a ‘wrong landed’ molecule the front and back wheels rotate in opposite 

direction prohibiting translational motion (Figure 1.5c). The diastereomers of the 

meso-isomer, the (R,R-R,R) and (S,S-S,S)-isomers were found to show pivoting and 
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random motion on the surface as the opposing motors in those isomers rotate in a 

disrotatory fashion (Figure 1.5d).  

 

The first example of light-induced movement of a motorized nanovehicle was 

reported in 2016 by the groups of Tour and Grill.45 Their NanoRoadster (NR) consists 

of a rigid axle with two adamantane wheels and in the middle of the axle an 

overcrowded alkene based molecular motor, attached via a Sonogashira coupling. 

Upon irradiation, the groups observed enhanced diffusion speeds of the NR on 

Cu(111) at temperatures above 150K (Figure 1.6). Although, the observed motion 

occurred in a random fashion, their results demonstrated the possibility of light-

induced motion of nanovehicles on surfaces. 

 

 

Figure 1.6 a) Chemical structure of the NanoRoadster. b-c) Two overlaying STM images (the 
time between the images is approximately 1 h) of NR on Cu(111) acquired at 161K (scale bar: 
20 nm). The dark spots refer to the NRs in their initial position. b) The white spots correspond 
to the NRs after thermal diffusion. c) The white spots correspond to the NRs after irradiation 
with 355 nm. Reproduced from reference [45]. Copyright © 2016, American Chemical Society. 

 

However, it remains challenging to design a nanovehicle that can be propelled in a 

controlled manner along a surface. The previous paragraphs illustrated that the 

design of nanovehicles is a rather complex matter. First of all, the molecules need to 

be able to be placed on the surface without decomposition during the deposition. 

Secondly, the interaction with the surface should not be too strong so that motion is 

inhibited. Furthermore, directional motion on the surface of autonomous 

nanovehicles requires that molecules can convert light, chemical or electrical energy 

into translational motion. Moreover, it is desired that the design of the nanovehicles 

allows for rolling motion over the surface rather than hopping or slide-slip 

movements.  
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1.5 Aim of this research and thesis outline 

It is necessary to have the molecular machines operating under ambient conditions in 

order to make a step towards possible applications, e.g., data storage, molecular 

transport and drug delivery. The research will be more feasible since expensive 

vacuum chambers and cryostats would no longer be needed. Furthermore, when 

working outside UHV, the molecular machines can be functionalized with groups that 

normally decompose upon sublimation, giving rise to a broader scope of functional 

nanomachines. The drawback of working under ambient conditions is the high 

probability of diffusing molecules due to the thermal energy available at room 

temperature and it will therefore be difficult to adsorb and immobilize the 

nanovehicles on the surface. On the other hand, in an ultra-clean UHV environment, 

the molecular machines could be trapped and immobilized on the surface at very low 

temperatures. Therefore, new molecular systems need to be designed such that the 

interactions between the molecular machines and the surfaces are carefully balanced. 

The interactions have to be strong enough to trap the molecular motors on the surface 

to overcome Brownian motion but must be dynamic enough to be able to induce 

translational motion of the nanovehicles along surfaces. Furthermore the systems 

need to be compatible with the preferred analysis technique, namely the STM, since 

this allows for elaborated analysis at the sub-molecular scale. In this thesis several 

design strategies are described for the adsorption of light-driven molecular motors on 

surfaces. The systems are studied under ambient conditions by STM. In this thesis, the 

focus is on the development of modified surfaces to control the interactions between 

the adlayer and adsorbates.  

Chapter 2 outlines the basic working principles of the STM and describes the 

preparation methods used prior to the excecuted measurements discribed in the 

upcoming chapters.   

Chapter 3 addresses the design of supramolecular surface-infrastructures from N,N’-

bis(n-alkyl)-naphthalenediimides (NDIs) for the adsorption of molecular motors on a 

HOPG surface. The synthesis of NDIs with discrete long alkyl chains (28 or 33 carbons 

in the linear chain) was described followed by the analysis of thorough STM 

measurements to determine the influence of internal double-bonds present in the 

alkyl chains. The results presented in this chapter envision the possibility of creating 

long-range ordered and robust 2D self-assemblies by the insertion of an internal 

double-bond in the alkyl chains.   

Chapter 4 focuses on the influence of multiple unsaturations in the long alkyl chains 

(≥39 carbons in the linear chain) on the self-assembly. This chapter complements the 

previous study on the long-range supramolecular order of alkyl substituted NDIs. The 

results herein described, show that assemblies with longer alkyl chains do not 

necessary lead to the formation of larger domains. However, the introduction of two 
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or three unsaturations in the alkyl chains improved significantly the local ordering of 

the self-assembled monolayers. The large separation between two NDI lamellae due to 

the presence of long alkyl chains might eventually pave the way towards more facile 

imaging of the potential adsorbed molecular motors.  

In chapter 5 the possible use of these surface assemblies from N,N’-bis(n-alkyl)-

naphthalenediimide (NDI) molecules as molecular highways was explored through 

adsorption experiments with pyrene derivatives. The NDI adlayer served as an 

adsorption template to facilitate the binding of alkoxy-pyrenes with short alkyl chains, 

which paved the way towards new adsorption strategies for molecules which could 

not be easily assembled on a bare HOPG substrate.  In the last part of this chapter, the 

attempts to trap third generation molecular motors functionalized with two alkoxy-

pyrene legs on the surface via the NDI template was described.  

Chapter 6 explores the ability of the 5-(octadecyloxy)isophthalic acid (ISA-O-C18) 

adlayer to serve as an adsorption template for molecular motors with pyridine 

moieties under ambient conditions. STM experiments in 1-phenyloctane and n-

octanoic acid revealed that 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 of the motor. The formation of nanocorrals by nanoshaving in 1-

phenyloctane allowed for controlled positioning of the molecular motors on the 

surface at the nanoscale. 

Chapter 7 focusses on the synthesis of alkylated third-generation molecular motors 

for surface adsorption under ambient conditions. The molecular template in this 

chapter was fabricated from n-pentacontane. Preliminary results hint to the 

adsorption of bis(alkylated) third-generation molecular motors. However, the 

molecular design has to be optimized in the future to determine the reliability of this 

method.  

In chapter 8 was the design of bis(urea)-substituted molecular motor tapes employed 

in order to get well aligned and operating molecular motors on the surface under 

ambient conditions. This strategy includes the use of support molecules to separate 

the motor units from each other allowing for free rotation of the motors. The results 

presented in this chapter demonstrate the effectiveness of this promising design 

strategy.  

1.6 References 

[1]  Gimzewski, J. K.; Joachim, C.; Schlittler, R. R.; Langlais, V.; Tang, H.; Johannsen, I. Rotation of a Single 
Molecule Within a Supramolecular Bearing. Science 1998, 281 (5376), 531–533. 

[2]  Jung, T. A.; Schlittler, R. R.; Gimzewski, J. K.; Tang, H.; Joachim, C. Controlled Room-Temperature 
Positioning of Lndividual Molecules: Molecular Flexure and Motion. Science 1996, 271 (5246), 
181–184. 



 

21 

 

 

 

 Introduction: Artificial Nanovehicles on Surfaces 

[3]  Beton, P. H.; Dunn, A. W.; Moriarty, P. Manipulation of C60 Molecules on a Si Surface. Appl. Phys. 
Lett. 1995, 67 (8), 1075–1077. 

[4]  Eigler, D. M.; Schweizer, E. K. Positioning Single Atoms with a Scanning Tunnelling Microscope. 
Nature 1990, 344, 524–526. 

[5]  Perera, U. G. E.; Ample, F.; Kersell, H.; Zhang, Y.; Vives, G.; Echeverria, J.; Grisolia, M.; Rapenne, G.; 
Joachim, C.; Hla, S. W. Controlled Clockwise and Anticlockwise Rotational Switching of a Molecular 
Motor. Nat. Nanotechnol. 2013, 8 (1), 46–51. 

[6]  Tierney, H. L.; Murphy, C. J.; Jewell, A. D.; Baber, A. E.; Iski, E. V.; Khodaverdian, H. Y.; McGuire, A. F.; 
Klebanov, N.; Sykes, E. C. H. Experimental Demonstration of a Single-Molecule Electric Motor. Nat. 
Nanotechnol. 2011, 6 (10), 625–629. 

[7]  Grill, L.; Rieder, K.; Moresco, F.; Rapenne, G.; Stojkovic, S.; Bouju, X. Rolling a Single Molecular 
Wheel at the Atomic Scale. Nat. Nanotechnol. 2007, 2 (110), 95–98. 

[8]  Joachim, C.; Tang, H.; Moresco, F.; Rapenne, G.; Meyer, G. The Design of a Nanoscale Molecular 
Barrow. Nanotechnology 2002, 13, 330–335. 

[9]  Jimenez-bueno, G. Technomimetic Molecules : Synthesis of a Molecular Wheelbarrow. Tetrahedron 
Lett. 2003, 44, 6261–6263. 

[10]  Grill, L.; Rieder, K.; Moresco, F.; Jimenez-Bueno, G.; Wang, C.; Rapenne, G.; Joachim, C. Imaging of a 
Molecular Wheelbarrow by Scanning Tunneling Microscopy. Surf. Sci. 2005, 584 (2), 153–158. 

[11]  Jacquot De Rouville, H.-P.; Garbage, R.; Cook, R. E.; Pujol, A. R.; Sirven, A. M.; Rapenne, G. Synthesis 
of Polycyclic Aromatic Hydrocarbon‐Based Nanovehicles Equipped with Triptycene Wheels. Chem. 
– A Eur. J. 2012, 18, 3023–3031. 

[12]  Chérioux, F.; Galangau, O.; Palmino, F.; Rapenne, G. Controlled Directional Motions of Molecular 
Vehicles, Rotors, and Motors: From Metallic to Silicon Surfaces, a Strategy to Operate at Higher 
Temperatures. ChemPhysChem 2016, 17, 1742–1751. 

[13]  Bouju, X.; Chérioux, F.; Coget, S.; Rapenne, G.; Palmino, F. Directional Molecular Sliding at Room 
Temperature on a Silicon Runway. Nanoscale 2013, 5 (15), 7005–7010. 

[14]  Shirai, Y.; Osgood, A. J.; Zhao, Y.; Yao, Y.; Saudan, L.; Yang, H.; Yu-hung, C.; Alemany, L. B.; Sasaki, T.; 
Guerrero, J. M.; et al. Surface-Rolling Molecules. J. Am. Chem. Soc. 2006, 128 (14), 4854–4864. 

[15]  Vives, G.; Kang, J.; Kelly, K. F.; Tour, J. M. Molecular Machinery : Synthesis of a “ Nanodragster .” Org. 
Lett. 2009, 11 (24), 5602–5605. 

[16]  Sasaki, T.; Osgood, A. J.; Alemany, L. B.; Kelly, K. F.; Tour, J. M. Synthesis of a Nanocar with an 
Angled Chassis. Toward Circling Movement. Org. Lett. 2008, 10 (2), 229–232. 

[17]  Sasaki, T.; Osgood, A. J.; Kiappes, J. L.; Kelly, K. F.; Tour, J. M. Synthesis of a Porphyrin-Fullerene 
Pinwheel. Org. Lett. 2008, 10 (7), 1377–1380. 

[18]  Shirai, Y.; Osgood, A. J.; Zhao, Y.; Kelly, K. F.; Tour, J. M. Directional Control in Thermally Driven 
Single-Molecule Nanocars. Nanoletters 2005, 5 (11), 2330–2334. 

[19]  Vives, G.; Tour, J. M. Synthesis of Single-Molecule Nanocars. Acc. Chem. Res. 2009, 42 (3), 2009. 

[20]  Sasaki, T.; Morin, J.-F.; Lu, M.; Tour, J. M. Synthesis of a Single-Molecule Nanotruck. Tetrahedron 
Lett. 2007, 48, 5817–5820. 

[21]  Sasaki, T.; Shirai, Y.; Guerrero, J. M.; Tour, J. M. Synthetic Routes toward Carborane-Wheeled 
Nanocars. J. Org. Chem. 2007, 72, 9481–9490. 

[22]  Sasaki, T.; Guerrero, J. M.; Leonard, A. D.; Tour, J. M. Nanotrains and Self-Assembled Two-
Dimensional Arrays Built from Carboranes Linked by Hydrogen Bonding of Dipyridones. Nano Res. 
2008, 1, 412–419. 

[23]  Sasaki, T.; Tour, J. M. Synthesis of a New Photoactive Nanovehicle : A Nanoworm. Org. Lett. 2008, 
10 (5), 897–900. 

[24]  Villago, C. J.; Sasaki, T.; Tour, J. M.; Grill, L. Bottom-up Assembly of Molecular Wagons on a Surface. 



 

22 

 

 

 

 

Chapter 1 

2010, No. 12, 16848–16854. 

[25]  Vives, G.; Tour, J. M. Synthesis of a Nanocar with Organometallic Wheels. Tetrahedron Lett. 2009, 
50 (13), 1427–1430. 

[26]  Jacquot De Rouville, H.-P.; Garbage, R.; Ample, F.; Nickel, A.; Meyer, J.; Moresco, F.; Joachim, C.; 
Rapenne, G. Synthesis and STM Imaging of Symmetric and Dissymmetric Ethynyl-Bridged Dimers 
of Boron–Subphthalocyanine Bowl-Shaped Nanowheels. Chem. – A Eur. J. 2012, 18, 8925–8928. 

[27]  Nickel, A.; Meyer, J.; Ohmann, R.; Jacquot De Rouville, H.-P.; Rapenne, G.; Ample, F.; Joachim, C.; 
Cuniberti, G.; Moresco, F. STM Manipulation of a Subphthalocyanine Double-Wheel Molecule on 
Au(111). J. Phys. Condens. Matter 2012, 24 (40), 404001–404006. 

[28]  Harada, N.; Koumura, N.; Zijlstra, R. W. J.; van Delden, R. A.; Feringa, B. L. Light-Driven 
Monodirectional Molecular Rotor. Nature 1999, 401, 152–155. 

[29]  Koumura, N.; Geertsema, E. M.; Gelder, M. B. Van; Meetsma, A.; Feringa, B. L. Second Generation 
Light-Driven Molecular Motors . Unidirectional Rotation Controlled by a Single Stereogenic Center 
with Near-Perfect Photoequilibria and Acceleration of the Speed of Rotation by Structural 
Modification. J. Am. Chem. Soc. 2002, 124 (18), 5037–5051. 

[30]  Delden, R. A. Van; Wiel, M. K. J.; Pollard, M. M.; Vicario, J.; Koumura, N.; Feringa, B. L. Unidirectional 
Molecular Motor on a Gold Surface. Nature 2005, 437, 1337–1340. 

[31]  Chen, K.-Y.; Ivashenko, O.; Carroll, G. T.; Robertus, J.; Kistemaker, J. C. M.; Browne, W. R.; Rudolf, P.; 
Feringa, B. L. Control of Surface Wettability Using Tripodal Light-Activated Molecular Motors. J. 
Am. Chem. Soc. 2014, 136, 3219–3224. 

[32]  Chen, K.-Y.; Wezenberg, S. J.; Carroll, G. T.; Pijper, T. C.; Feringa, B. L. Tetrapodal Molecular 
Switches and Motors: Synthesis and Photochemistry. J. Org. Chem. 2014, 79, 7032–7040. 

[33]  Carroll, G. T.; Ferna, T.; Pollard, M. M.; Rudolf, P.; Feringa, B. L. Light-Driven Altitudinal Molecular 
Motors on Surfaces w Z. Chem. Commun. 2009, 1712–1714. 

[34]  Carroll, G. T.; London, G.; Fernandez Landaluce, T.; Rudolf, P.; Feringa, B. L. Adhesion of Photon-
Driven Molecular Motors to Surfaces via 1,3-Dipolar Cycloadditions: Effect of Interfacial 
Interactions on Molecular Motion. ACS Nano 2011, 5 (1), 622–630. 

[35]  Klok, M.; Walko, M.; Geertsema, E. M.; Ruangsupapichat, N.; Kistemaker, J. C. M.; Meetsma, A.; 
Feringa, B. L. New Mechanistic Insight in the Thermal Helix Inversion of Second-Generation 
Molecular Motors. Chem. - A Eur. J. 2008, 14 (35), 11183–11193. 

[36]  Cnossen, A.; Kistemaker, J. C. M.; Kojima, T.; Feringa, B. L. Structural Dynamics of Overcrowded 
Alkene-Based Molecular Motors during Thermal Isomerization. J. Org. Chem. 2014, 79 (3), 927–
935. 

[37]  Pijper, D.; Van Delden, R. A.; Meetsma, A.; Feringa, B. L. Acceleration of a Nanomotor: Electronic 
Control of the Rotary Speed of a Light-Driven Molecular Rotor. J. Am. Chem. Soc. 2005, 127 (50), 
17612–17613. 

[38]  Vicario, J.; Meetsma, A.; Feringa, B. L. Controlling the Speed of Rotation in Molecular Motors. 
Dramatic Acceleration of the Rotary Motion by Structural Modification. Chem. Commun. 2005, No. 
47, 5910–5912. 

[39]  Klok, M.; Boyle, N.; Pryce, M. T.; Meetsma, A.; Browne, W. R.; Feringa, B. L. MHz Unidirectional 
Rotation of Molecular Rotary Motors. J. Am. Chem. Soc. 2008, 130 (32), 10484–10485. 

[40]  Kistemaker, J. C. M.; Štacko, P.; Visser, J.; Feringa, B. L. Unidirectional Rotary Motion in Achiral 
Molecular Motors. Nat. Chem. 2015, 7 (11), 890–896. 

[41]  Kistemaker, J. C. M.; Štacko, P.; Roke, D.; Wolters, A. T.; Heideman, G. H.; Chang, M. C.; Van Der 
Meulen, P.; Visser, J.; Otten, E.; Feringa, B. L. Third-Generation Light-Driven Symmetric Molecular 
Motors. J. Am. Chem. Soc. 2017, 139 (28), 9650–9661. 

[42]  Morin, J.-F.; Shirai, Y.; Tour, J. M. En Route to a Motorized Nanocar. Org. Lett. 2006, 8 (8), 1713–
1716. 



 

23 

 

 

 

 Introduction: Artificial Nanovehicles on Surfaces 

[43]  Chiang, P.; Mielke, J.; Godoy, J.; Guerrero, J. M.; Alemany, L. B.; Villagomez, C. J.; Saywell, A.; Grill, L.; 
Tour, J. M. Toward a Light-Driven Motorized Nanocar : Synthesis and Initial Imaging of Single 
Molecules. ACS Nano 2012, 6 (1), 592–597. 

[44]  Kudernac, T.; Ruangsupapichat, N.; Parschau, M.; Macia, B.; Katsonis, N.; Harutyunyan, S. R.; Ernst, 
K.; Feringa, B. L. Electrically Driven Directional Motion of a Four-Wheeled Molecule on a Metal 
Surface. Nature 2011, 479, 208–211. 

[45]  Saywell, A.; Bakker, A.; Mielke, J.; Kumagai, T.; Wolf, M.; Chiang, P.; Tour, J. M.; Grill, L. Light-
Induced Translation of Motorized Molecules on a Surface. ACS Nano 2016, 10 (12), 10945–10952. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

24 

 

 

 

 

Chapter 1 

 

 



   

Chapter 2 
 
Scanning Tunneling Microscopy 

 

 

 

 

 

This chapter outlines the basic working principle of the scanning tunneling microscope 
(STM) and describes the sample preparation performed prior to the measurements 
described in this thesis. 
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Applications of the scanning tunneling microscope (STM) were discussed in the 
previous chapter, illustrating the importance of this tool also in the field of molecular 
nanomachines. The possibilities of the STM were first explored in 1981, when Binnig 
and Rohrer built a microscope based on electron tunneling. Their invention made it 
possible to visualize conducting and semi-conducting surfaces with atomic 
resolution.1,2 In 1986, just 5 years after their revolutionary invention, Binnig and 
Rohrer received the Nobel Prize in Physics due to the wide range of potential 
applications in several scientific research areas of this scanning probe technique.    

2.1 Quantum tunneling 

Quantum tunneling is the non-classical penetration of small particles through a 

barrier.3 Consider a system in which an electron, which simultaneously behaves as a 

particle and a wave, is incident with energy E upon a potential barrier of height Φ and 

width d. In classical physics it is not possible for an electron to overcome the barrier 

when Φ>E. Yet, according to quantum mechanics, there is a possibility that this 

electron (described by a wave function 𝜓) penetrates the barrier or even “tunnels” 

through it. This phenomenon is referred to as quantum tunneling. The system can be 

described by the stationary Schrödinger equation: 

 

�̂�𝜓 = −
ℏ2

2𝑚𝑒

𝑑2𝜓

𝑑𝑥2
+ 𝛷(𝑥) = 𝐸𝜓                                                                                             (2.1.1) 

 
where ħ is the reduced Planck constant, me the electron rest mass, x the displacement 

in the x-direction and Ĥ the one-dimensional Hamiltonian. The solutions of the 

Schrödinger equation for a one-dimensional rectangular barrier are extensively 

discussed in several textbooks.3–7 A schematic representation of an incoming wave ψ 

penetrating the potential barrier is depicted in Figure 2.1a. When the wave 

approaches the barrier from the left at x = 0 it will be partly reflected in zone I and the 

incoming and reflected wave are therefore superimposed in this zone. Inside the 

barrier, zone II, the amplitude of ψ exponentially decreases with increasing x. At the 

right side of the barrier (zone III), ψ continues with lower amplitude and thus lower 

probability density. The tunnelling current 𝐼𝑡  can be expressed as:  

 
𝐼𝑡 ∝ 𝑒−2𝜅𝑑                                                                                                                                      (2.1.2) 
 
 
where κ is the reciprocal decay length for all tunneling electrons given by: 
 
 

𝜅 =
√2𝑚(𝛷 − 𝐸)

ħ
                                                                                                                       (2.1.3) 
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These derivations are based on the fundamental model of an electron passing through 

a one-dimensional potential barrier and offer a first approach to tunneling between 

two conducting surfaces. The working principle of a STM is based on the tunneling 

process between the tip and the sample (Figure 2.1b). When the STM tip is carefully 

brought to within 1 nm of the conducting sample, a tunneling current can be 

measured between the STM tip and the sample. The exponential dependence of the 

tunnelling current on the thickness of the tunnelling barrier provides the basis for the 

astonishing resolution of the STM. By an increase in the tunnelling gap of 1Å the 

tunnelling current decreases roughly by an order of magnitude.7 

 
 

 

Figure 2.1 Two schematic representations of quantum tunneling. a) Representation of a one-
dimensional rectangular potential barrier with height Φ and width d. The turquoise line 
represents the wave function ψ of an electron traveling from zone I to III while tunneling 
through the potential barrier. In zone I (x < 0), the incoming wave travels with energy E < Φ 
from left to right. Within the barrier, zone II (0 ≤ x < d), the wave function ψ decays 
exponentially and is transmitted with a lower amplitude (lower probability) in zone III (x ≥ d). 
b) Schematic energy diagram of the sample and the STM tip when they are in tunneling contact. 
A negative bias applied to the sample causes the Fermi levels to shift with respect to each other. 
This results in an electron flow from the filled states of the sample into the empty states of the 
tip. The work functions Φsample and Φtip represents the minimum energy barriers that electrons 
would need to overcome to leave the sample and the tip, respectively.  

 
The monitored tunneling current during the acquisition of STM data does not only 

depend on κ and the tip-sample distance but also on the tip radius and the applied 

bias voltage.8 Foremost, the tunneling current acquired during the STM measurements 

depends on the density of states (DOS) of the tip and the sample. The exact geometry 

of the tip apex is unknown and thereby also the orbitals at the end of the tip. Tersoff 

and Hamann8 assumed a system wherein the wave function of the tip atom closest to 

the surface is described as a spherical s-orbital (Figure 2.2a). The dependence of the 

tunneling current can be expressed as: 

 
𝐼𝑡  ∝ 𝑉𝑏𝑖𝑎𝑠𝜌𝑡𝑖𝑝(𝐸𝐹  )𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝑟0, 𝐸𝐹)𝑒−2𝜅𝑑                                                                               (2.1.4) 
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where Vbias is the bias applied between the tip and the sample, ρtip(EF) is the DOS of the 

tip at the Fermi level and ρsample(r0,EF) is the local density of states (LDOS) of the 

sample at the position of the tip r0 (Figure 2.2a) at the Fermi level. We can see from 

equation 2.1.4 that for a constant DOS of the tip, i.e. constant ρtip(EF), the STM probes 

the LDOS of the sample. Therefore, the tip follows the contour of ρsample(r0,EF) when 

the system is operating in constant current mode.  

         

  

 

Figure 2.2 Schematic representations of an STM tip during measurements. a) Schematic 
representation of the geometry of the STM tip according to Tersoff and Hamann.8 The tip is 
assumed to be locally spherical with radius R. The center of the curvature is labeled as r0 where 
d is the distance of the tip apex and the surface. b) Schematic representation of the STM 
operating in a constant current mode. The dashed line represents the pathway of the tip, which 
follows the contour of the LDOS of the surface in order to keep It constant. 

2.2 STM in practice 

During the STM measurements a conducting tip is brought close to a conducting 

surface. Once the tip is close enough to the surface for a tunneling current to be 

present, the tip is moved across the surface line by line in the x- and y-directions by a 

piezo actuator. Via the piezoelectric tube, the x-y-z positions of the tip are precisely 

controlled. When the system is operating in constant current mode, the feedback loop 

is used to vertically adjust the z-position of the scanning tip to maintain the tunneling 

current constant (Figure 2.2b). The feedback loop is disabled when measuring in the 

constant height mode, where the vertical position of the tip remains constant and the 

tunneling current is measured in dependence of the x- and y-position of the tip. The 

advantage of this mode is that it can be used at higher scanning speeds. However, 

there is a higher risk of tip-crashing in case of large variations in sample height. 

Therefore, the research described in this thesis was exclusively executed in constant 

current mode.  
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2.2.1 STM at the solid/liquid interface 

The STM experiments described in this thesis were performed under ambient 

conditions at the solid-liquid interface (Figure 2.3). Because of the presence of the 

liquid, no vacuum barrier separates the tip and the sample making the measurements 

slightly more difficult. While in ultra-high vacuum (UHV) solely the tunneling current 

is measured, the tunneling current measured at the solid-liquid interface can have a 

component caused by the conductance of the used solvent. Therefore, non-conducting 

solvents are commonly used in order to prevent background current. Furthermore, it 

is preferable to use nonvolatile solvents i.e. n-tetradecane, n-octanoic acid, 

decamethyltetrasiloxane or 1-phenyloctane, to prevent desiccation of the sample and 

to maintain the equilibrium between the molecules adsorbing on the surface and 

dissolving in the solution. The STM tip, mechanically cut from a platinum/iridium wire 

(often in a 90/10 ratio, respectively), was submersed in the solvent while scanning.  

     

Figure 2.3 Schematic representation of a STM setup operating at the solid-liquid interface. The 
tip, connected to a piezoelectric tube, is in tunneling contact with the conducting surface. The 
feedback loop is used to control the position of the tip with high accuracy by using precisely 
regulated voltages to deform the piezo.  

2.2.2 Sample preparation 

Preparation of the STM samples is carried out via a drop casting method, meaning that 

the solutions were dripped onto the substrate. Prior to the deposition of the solutions, 

the highly-oriented pyrolytic graphite (HOPG) substrate was exfoliated using the 

scotch tape method.9 Graphite is the most commonly used atomically flat conductive 

surface for the study of adlayers (which are layers of physisorbed organic 

molecules)10 at the solid-liquid interface and is therefore the substrate of choice in 

this thesis. This surface is of particular interest also due to the possible commensurate 

adsorption of n-alkanes on it.11–13 Furthermore, it is cheap and easy to prepare. The 

solutions were all prepared with viscous, high boiling point solvents to prevent a 

coffee-ring effect upon drying.14  Various adlayes were used in order to adsorb the 

molecular motors on the surface, which will be described in the upcoming chapters.  
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Figure 2.4 Schematic representation of the sample preparation via the drop casting method.  

After drop casting the solution containing the adlayer molecules at temperatures at or 

above room temperature on a HOPG crystal, the sample was, in case the adlayers were 

robust enough, rinsed with the solvent and dried prior to the deposition of the motor 

molecules. Figure 2.4 shows the deposition of adlayer molecules (turquoise) on a 

HOPG crystal and the subsequent deposition of molecular motor molecules (orange).  
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Here, we unravel for the first time the powerful role played by the internal double bonds 
on the self-assembly of alkylated  naphthalenediimides on surfaces. The self-assembled 
monolayers obtained from these unsaturated compounds are characterized by a 
significantly higher degree of organization compared to their saturated counterparts, 
with a size difference between ordered domains corresponding to thousands of squared 
nanometers. Our results point to the establishment of the internal double bond as a 
counterintuitive, yet key structural element for obtaining long-range order in 
self-assembled monolayers at the liquid/solid interface. 

_____________________________________________________________________________________________ 

Part of this chapter is currently submitted for publication as; Berrocal, J. A.‡; 
Heideman, G. H. ‡; de Waal, B. F. M.; Enache, M.; Havenith, R. W. A.; Stöhr, M. A.; Meijer, 
E. W. and Feringa, B. L. Engineering Long-Range Order in Supramolecular Assemblies on 
Surfaces: The Paramount Role of Internal Double Bonds in Discrete Long Chain-
Naphthalenediimides. ‡ equal contributions   
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3.1 Introduction 

The templated alignment of alkyl chains on graphite is a potent feature for the design 

of 2D architectures.1–3 Therefore, to create a robust molecular infrastructure to 

potentially adsorb and guide molecular motors on the highly oriented pyrolytic 

graphite (HOPG) surface, a system with long alkyl chains was proposed. While a large 

number of studies have been performed on alkylated molecules,3–6 very little attention 

has been dedicated to molecules featuring unsaturated chains, i.e. alkenyl derivatives. 

Deng et al. compared the assemblies of E-oleic acid and Z-oleyamine at the 1-

phenyloctane/HOPG interface.7 They reported that the Z-configured double bond in 

oleylamine leads to instable adsorption. Such comparative study was consistent in 

terms of chain length (oleyl = C18) and double bond position (between carbon atoms 9 

and 10), but the two structures investigated differed in double bond configurations (E 

vs Z) and end-group functionalities (carboxylic vs amino). Surprisingly enough, a 

comparative study for molecules whose structures only differ by the 

presence/absence of double bonds has, to the best of our knowledge, not been 

reported so far. Intrigued by the possible influence of an internal double bond on the 

long-range order of the 2D assembly, a system was envisioned based on long carbon 

chains symmetrically bound at the periphery of electron-accepting 

naphthalendiimides (NDIs).8,9  

Ogawa et al. carried out a comprehensive study on a series of symmetrical NDIs 

functionalized with fully hydrogenated, linear alkyl chains with a number of carbon 

atoms in the 3-18 range at the 1-tetradecane/HOPG interface.10 Lamellar or 

honeycomb structures were obtained and visualized with scanning tunneling 

microscopy (STM), as the result of entropic and enthalpic forces that controlled the 

self-assembly process, which only depended on the chain length. Particularly relevant 

for the present work, alkyl chains with a number of carbon atoms equal to or longer 

than 13 units consistently afforded lamellar arrangements in which both the long 

carbon chains and aromatic cores lie flat on the surface. Therefore, by alkylating the 

NDI cores with carbon chains of distinct lengths the distance between the NDI cores 

could be controlled and thereby the distance between the potential adsorption sites of 

the molecular motors with electron-donating linkers (chapter 5). However, only the 

assemblies in areas smaller than 2500 nm2 were studied. In this investigation the 

limits are pushed in terms of alkyl chain length compared to previously explored 

molecules and we are interested in the long-range order of these systems. More 

importantly, the critical additional parameter of the unsaturation in the alkyl chain 

was introduced as a key control element for surface self-assembly.  

3.2 Discrete long alkylated naphthalenediimides 

We present here uC28-NDI-uC28 and uC33-NDI-uC33 (unsaturated NDIs), and their 

hydrogenated counterparts C28-NDI-C28 and C33-NDI-C33 (saturated NDIs). The fully 
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extended chemical structures are shown in Scheme 3.1. The studied NDIs feature 

either 28 or 33 carbon atoms in the linear chain (C28 and C33, respectively) and only 

differ by the presence/absence of one unsaturation in each carbon chain. The 

unsaturation (when present) is highlighted by the letter u.  

 

Scheme 3.1 Chemical structures of C28-NDI-C28, uC28-NDI-uC28, C33-NDI-C33 and uC33-NDI-
uC33. 

3.3 Results and Discussion  

3.3.1 Synthesis of alkylated naphthalenediimides 

The NDIs with long alkyl chains were synthesized via Wittig olefination, revisiting a 

strategy reported more than 30 years ago by Whiting et al. for obtaining linear 

alkanes.11 The Wittig reaction was performed between a starting block with an 

aldehyde functionality and a phosphonium ylide here referred to as ‘end cap’ (Scheme 

3.2), resulting in the key intermediates uC28NH2 and uC33NH2. These amines were 

obtained as ~ 84:16 mixture of Z and E isomers. The position of the unsaturation 

along the two carbon chains (between C6 and C7 in uC28, and C11 and C12 in uC33) was 

exactly engineered, which is corroborated by the STM study (vide infra). The 

unsaturated amines were subsequently coupled to commercially available 

naphthalenedianhydride (NDA) via a modified microwave assisted protocol (Scheme 

3.2)12,13 NDIs uC28-NDI-uC28 and uC33-NDI-uC33 were obtained in 71% and 80% 

yields, respectively, as not resolvable mixtures of ZZ:ZE:EE isomers (~70.5:27:2.5, 

based on the possible combinations of the two reacting amines) after 
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chromatographic purification. Fully saturated analogs C28-NDI-C28 and C33-NDI-C33 

were obtained from their alkenyl counterparts by palladium on carbon (Pd/C)-

catalyzed hydrogenation in ethyl valerate at 100 ˚C (Scheme 3.2). The high 

temperature was necessary to favor the solubilization of the mono-hydrogenated 

reaction intermediates, which were significantly less soluble than the starting 

materials. 

 

Scheme 3.2 Synthesis of uC28-NDI-uC28, uC33-NDI-uC33, C28-NDI-C28 and C33-NDI-C33 (courtesy 
of José Berrocal and Bas de Waal). 

3.3.2 Self-assembly saturated NDIs 

The potential molecular surface-infrastructures from saturated NDI’s were fabricated 

by dissolving C28-NDI-C28 or C33-NDI-C33 (0.4 mg/ml) in 1-phenyloctane and heated to 

100°C prior to the deposition via drop casting on freshly cleaved HOPG. The saturated 

compounds spontaneously self-assembled into ordered lamellae immediately after 

deposition. In the STM images, the aromatic cores appear as bright protrusions and 

the alkyl chains as dark regions (Figure 3.1a-b+d-e). The lamellar packings are 

consistent with aromatic cores lying flat and next to each other on the surface, while 

the alkyl chains are straight and parallel to each other and modulate the distance 

between the NDI cores. From high resolution STM images the arrangement of the 

individual alkyl chains was determined. Two different packing modes for the carbon 
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chains of C28-NDI-C28 and C33-NDI-C33 were observed: an interdigitated-mode, hereby 

defined as ˮlamellar phase Aˮ, and a non-interdigitated diagonal-mode, designated as 

ˮlamellar phase Bˮ(Figure 3.1c+f). The observation of the two different packing modes 

of the aliphatic chains is in line with previous reports on NDIs functionalized with 

shorter alkyl chains (Cn, with 13≤n≤18).10 The unit cell parameters measured for C28-

NDI-C28 and C33-NDI-C33 are listed in Table 3.1. Although the two lamellar assemblies 

differ in the orientation of the aliphatic chains, the unit cell parameters do not differ 

for a fixed alkyl chain length. We measured a=4.45 ± 0.24 nm, b=0.88 ± 0.08 nm and 

γ=85.21 ± 3.39° for C28-NDI-C28, and a=5.29 ± 0.49 nm, b=0.99 ± 0.10 nm and γ=84.10 

± 5.28° for C33-NDI-C33. The different lamellae of both saturated compounds are 

rotated by 60° with respect to one another. 

 

 

Figure 3.1 Self-assembly of C28-NDI-C28 and C33-NDI-C33 at the 1-phenyloctane/HOPG 
interface. a) STM image of C28-NDI-C28 (40 nm × 40 nm, Vtip = 1 V, Iset = 50 pA); b) STM image of 
C28-NDI-C28 showing the two arrangements of alkyl chains (phase A and phase B) (10 nm × 10 
nm, Vtip = 1 V, Iset = 50 pA); c) STM image of C33-NDI-C33 (40 nm × 40 nm, Vtip = -0.6 V, Iset = 50 
pA) d) STM image of C33-NDI-C33 showing the two arrangements of alkyl chains (phase A and 
phase B) (10 nm × 10 nm, Vtip = 0.6 V, Iset = 150 pA); e) schematic representation of lamellar 
phase A (with interdigitation of the alkyl chain) and phase B (no interdigitation, diagonal 
organization of the alkyl chains).  

3.3.3 Self-assembly unsaturated NDIs 

Next, we focused on uC28-NDI-uC28 and uC33-NDI-uC33 at the 1-phenyloctane/HOPG 

interface under similar experimental conditions. Exemplary images are shown in 

Figure 3.2. Assemblies similar to the ones obtained for the saturated NDIs were 
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observed with uC28-NDI-uC28 and uC33-NDI-uC33. The lamellar arrangements 

correspond to parallel NDI cores flat on the surface (bright protrusions) and the 

interdigitating aliphatic chains that tune the distance between them (dark regions) 

(Figure 3.2).  

Figure 3.2 Self-assembly of uC28-NDI-uC28 and uC33-NDI-uC33 at the 1-phenyloctane/HOPG 
interface. a) STM image of uC28-NDI-uC28 (20 nm × 20 nm, Vtip = 1 V, Iset = 100 pA); b) STM 
image of uC33-NDI-uC33 (20 nm × 20 nm, Vtip = 1 V, Iset = 90 pA). c) Zoom of (b)(10 nm x 10 nm). 
The double bonds appear as bright protrusions next to the bright NDI cores (orange arrows). 
Both unsaturated molecules assemble in an interdigitated fashion (phase A). 

In stark contrast with the saturated NDIs, additional bright protrusions were 

observed in the STM images of uC28-NDI-uC28 and uC33-NDI-uC33 (orange arrows in 

Figure 3.2a-b). The protrusions appeared symmetrically with respect to the aromatic 

cores, and their distance to the aromatic cores changed upon extending the chain 

length. This appearance was less evident in the case of uC28-NDI-uC28 (Figure 3.2a), 

while the protrusions appeared more separated and resolved in the case of uC33-NDI-

uC33 (Figure 3.2b-c). These additional bright protrusions were attributed to the 

double bonds present in the unsaturated chains. As a general remark, the imaging of 

the double bonds was in general easier for uC33-NDI-uC33 than uC28-NDI-uC28. This 

behavior was attributed to the structural differences between the two molecules.  

Table 3.1 Unit cell parameters for the supramolecular arrangements of C28-NDI-C28, uC28-NDI-
uC28, C33-NDI-C33 and uC33-NDI-uC33 at the 1-phenyloctane/HOPG interface. 

Compound a/nm b/nm γ/deg 
Lamellar 

 Phase 

domain 
size 

average 
[nm2] 

domain 
size 

median 
[nm2] 

disordered  
areas % 

C28-NDI-C28 
4.45  

±0.24 
0.88 

±0.08 
85.21 
±3.39 

A and B 949 737 26 ± 5 

uC28-NDI-uC28 
4.53 

±0.08 
0.86 

±0.10 
87.33 
±1.78 

A 6764 2923 - 

C33-NDI-C33 
5.29 

±0.49 
0.99 

±0.10 
84.10 
±5.28 

A and B 1268 540 24 ± 8 

uC33-NDI-uC33 
5.27 

±0.08 
0.94 

±0.06 
84.93 
±1.80 

A 8026 3684 - 
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The determined unit cell parameters for uC28-NDI-uC28 and uC33-NDI-uC33 are 

reported in Table 3.1 and are very similar to those obtained for the saturated 

counterparts, pointing to an apparent similarity between the interdigitated 

assemblies of saturated and unsaturated NDIs. The close resemblance of the unit cell 

parameters of the NDIs with the same chain length (C28 or C33) suggests that the self-

assembled monolayers are mostly formed by all-E-configured molecules. This is 

remarkable, as the EE-isomer is calculated to be roughly 2.5% of the whole population 

of unsaturated NDIs (based on the 13C-NMR analysis of uC28NH2 and uC28NH2 and the 

binomial distributions of the two amines). It has to be mentioned, that we anticipated 

some Z-configured double bonds might be present in the monolayer (Appendix 3A). 

3.3.4 Pivotal role of the internal double bonds in the 2D-crystallization 

The results presented so far have apparently revealed only minor differences in the 

self-assembly of both saturated and unsaturated NDIs at the 1-phenyloctane/HOPG 

interface. All compounds assemble in lamellar patterns (Figure 3.1 and Figure 3.2) 

with similar arrangements and unit cells (Table 3.1Table ).  

 

                        

Figure 3.3 Large area STM images (300 nm × 300 nm) of saturated and unsaturated NDIs at the 
1-phenyloctane/HOPG interface showing the striking difference in long-range order. a) C28-
NDI-C28 (Vtip = 1 V, Iset = 100 pA); b) uC28-NDI-uC28 (Vtip = 1 V, Iset = 80 pA); c) C33-NDI-C33 (Vtip = 
1 V, Iset = 100 pA); d) uC33-NDI-uC33 (Vtip = 1 V, Iset = 100 pA). 
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However, a very important difference arises in the organization of the aliphatic chains: 

the fully saturated ones simultaneously arrange in either phase A or B, while the 

unsaturated chains only pack in the phase A fashion. This difference does not alter the 

local ordering of the self-assembled monolayer, but has dramatic repercussions on the 

global ordering of the 2D architectures. The presence of just one self-assembly 

arrangement (phase A) for the carbon chains of uC28-NDI-uC28 and uC33-NDI-uC33 

results in overall much more long-range ordered domains compared to those created 

by their saturated counterparts (Figure 3.3). The contrast is striking: at large scale 

images, more extended domains and significantly less defects are observed in the STM 

images of uC28-NDI-uC28 and uC33-NDI-uC33 compared to those of C28-NDI-C28 and 

C33-NDI-C33. In contrast, the overview STM images of the saturated NDIs are 

characterized by relatively small domains accompanied by disordered areas. The 

unclear selection of one of the two arrangements (phase A or B) seems to cause the 

existence of disordered regions and welter areas (see Appendix 3B for the assignment 

of disordered areas).  

 
 

Figure 3.4 Domain size distribution for (a) C28-NDI-C28 (blue) and uC28-NDI-uC28 (orange); (b) 
C33-NDI-C33 (blue) and uC33-NDI-uC33 (orange). Y-axis: percentage of ordered domains (% of 
domains); X-axis: domain size (nm2). 

A statistical analysis was conducted on the domain sizes for the different NDIs to 

support the qualitative observation on the dramatic influence of the double bond in 

the alkyl chain. For a detailed description on the assignment of the domain size and 

further experimental observations upon scanning see Appendix 3B and 3C. The results 

on the domain size distributions for C28-NDI-C28 and uC28-NDI-uC28, and C33-NDI-C33 

and uC33-NDI-uC33 are summarized by the two histograms shown in Figure 3.4 The 

saturated NDIs mainly arrange in relatively small domains (≤ 1000 nm2) (Figure 3.4a-

b, blue columns). Moreover, on roughly 24% of the surface, the molecules do not 

arrange in an ordered way resulting in disordered areas. On the other hand, the 

images of the unsaturated NDIs show only a marginal amount of disordered areas. The 

domains reach much larger extensions, with a significant population larger than 

15000 nm2 (Figure 3.4a-b, orange columns). 



 

39 

 

 

 

 Discrete long Alkylated Naphthalenediimides Surface-Infrastructures 

3.3.5 Computational support of the experimental results 

DFT calculations were performed in order to get more insight about how the presence 

of an internal double bond influences the self-assemblies of the presented NDI 

molecules. Using the PBE-D3 functional the difference in interaction energy between 

two sets of alkyl chains was studied in the gas phase. Here, the interactions between 

saturated C6 carbon chains (C6-C6) were compared to the interactions between 

saturated C6 chains and unsaturated uC6 chains (C6-uC6). To simulate our 

experimental observations on the self-assembled monolayers of the unsaturated NDIs, 

only the double bonds in the E-configuration were studied. The relative short alkyl 

chain lengths were chosen because it allows for faster calculation times while it still 

resembles the system. The comparison between a system of two saturated alkyl 

chains (C6-C6) and a system with one saturated and one unsaturated chain (C6-uC6) 

was performed because it resembles the lamellar phase A assembly in the saturated 

NDIs and the unsaturated NDIs, respectively. Preliminary results on short carbon 

chains (C6) in the gas phase revealed that the interaction between two neighboring 

chains becomes more favorable upon the introduction of an internal double bond 

(Figure 3.5). These favored interaction energies led to a smaller value for the unit cell 

vector (turquoise arrow depicted in Figure 3.5) of the C6-uC6 (9.20 Å) system 

compared to C6-C6 (9.41 Å).  

                           

Figure 3.5 Gas-phase calculations (PBE-D3 functional) of the interaction energies between C6 
carbon chains, with (uC6) and without (C6) unsaturations. Two different configurations were 
considered: a) a unit cell with two C6 chains and b) a unit cell with a C6 chain and a uC6 chain. 
The interaction energy (Eint) for each configuration is shown below the structural model. The 
unit cell vector is marked with the turquoise arrow and the unit cell contains two alkyl chains. 
The orange ellipses mark the position where the double bond was added within the alkyl chain. 
Courtesy of Mihaela Enache.  

Encouraged by this outcome the computational study was continued to further 

rationalize the experimental results. We focused on both C28-NDI-C28 and uC28-NDI-

uC28 in lamellar phase A. In the calculated molecular arrangements (Figure 3.6a-b), 

the NDI cores lay flat on the surface while the carbon chains appear in an 

interdigitating fashion, all in line with the experimental observations. The calculated 

unit cell values were a = 44.8 Å, b = 8.5 Å and γ = 90º for C28-NDI-C28, and a = 44.5 Å, b 

= 8.5 Å and γ = 90º for uC28-NDI-uC28, nicely matching with the experimental values 
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(Table 3.1). This further confirmed the accuracy of the computational study. Finally, 

we compared the adsorption energies for both C28-NDI-C28 and uC28-NDI-uC28 in the 

lamelllar phase A arrangement on graphene. Assemblies of C28-NDI-C28 were 0.166 eV 

per molecule energetically more favorable than those of uC28-NDI-uC28. However, the 

experimental observation of improved long-range order with uC28-NDI-uC28 

compared to C28-NDI-C28 and the stronger interactions of the (C6-uC6) system strongly 

point to more favorable intermolecular interactions in the case of uC28-NDI-uC28. 

 

Figure 3.6 Optimized geometries for Phase A of (a) C28-NDI-C28 and (b) uC28-NDI-uC28 
adsorbed on a graphene surface. The black rectangle shows the unit cells. The orange ellipse 
shows the position of the double bond within the NDIs. Hydrogen, carbon, oxygen and nitrogen 
atoms are shown in white, grey, red and blue, respectively. The graphene layer is shown in cyan. 
c) Optimized geometry (top) and simulated STM images (bottom) at Vsample = -1 V for C28-NDI-
C28. d) Optimized geometry (top) and simulated STM images (bottom) at Vsample = -1 V for uC28-
NDI-uC28. Courtesy of Mihaela Enache.  

Then, one molecule was extracted from the calculated lamellar phases of each C28-

NDI-C28 and uC28-NDI-uC28 to simulate the STM images at Vsample=-1 V (Figure 3.6c-d). 

The extracted structures of on-graphene single C28-NDI-C28 and uC28-NDI-uC28 

showed some levels of distortion from a linear geometry of the carbon chains (Figure 

3.6c-d, top part). Remarkably, the two E-configured double bonds of uC28-NDI-uC28 

were rotated by almost 90° with respect to one another. The simulated STM images 

showed a high degree of similarity with the experimental obtained images (Figure 

3.2). The two internal double bonds appeared as bright spots, suggesting the presence 

of two localized areas of higher electronic densities along the carbon chains (Figure 

3.6d). In contrast, the distribution of electronic density along the carbon chain of C28-

NDI-C28 was more homogeneous and pointed to a discrete series of single bonds 



 

41 

 

 

 

 Discrete long Alkylated Naphthalenediimides Surface-Infrastructures 

(Figure 3.6c). Consistently with the on-graphene optimized structure of uC28-NDI-

uC28, the internal double bonds were rotated by almost 90° also in the simulated STM 

image (Figure 3.6d). This peculiar feature may account for a different visualization of 

the internal double bond by the tip of the STM. Such hypothesis seems to be consistent 

with the experimental STM images reported in Figure 3.2, in which one of the two 

double bonds appeared more visible than the other for both uC28-NDI-uC28 and uC33-

NDI-uC33. This difference was more evident in the case of uC33-NDI-uC33 and it is 

probably due to an increased separation between the internal double bonds and the 

NDI core, which ultimately facilitates the imaging.  

3.4 Conclusion 

Adlayers of a new class of alkylated NDI molecules i.e. C28-NDI-C28, uC28-NDI-uC28, 

C33-NDI-C33 and uC33-NDI-uC33 were successfully fabricated and studied at the 1-

phenyloctane/HOPG interface. The structures only differ by the presence/absence of 

precisely-positioned internal double bounds in their molecular skeletons. These 

compounds self-assemble into two different lamellar arrangements: one in which the 

tails are interdigitated (lamellar phase A), and a second one where the long tails 

arrange diagonally, without interdigitation (lamellar phase B). The fully saturated 

compounds present a combination of both self-assembly motifs, whereas the 

unsaturated molecules are capable of selecting the fully interdigitated arrangement. 

Such difference is magnified and reflected on the long-range order of the generated 

monolayers, with the unsaturated compounds forming  extended domains (in some 

cases larger than 15000 nm2). This contrasts starkly with the locally ordered, yet 

globally disordered, monolayers of the saturated compounds. Hence, in this presented 

investigation was focused on the paramount role played by internal double bonds in 

the self-assembly of discrete macromolecules on surfaces. The results point to the use 

of “simple” internal double bonds as a critical structural parameter for obtaining long-

range order in surface-supported supramolecular processes.  
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3.5 Experimental 

Synthesis: The synthesis and characterization of compounds uC28-NDI-uC28, uC33-

NDI-uC33, C28-NDI-C28 and C33-NDI-C33 can be found in Appendix 3E. STM 

measurements: All experiments were performed at room temperature (21-25 °C) 

under ambient conditions using an STM (Molecular Imaging) operating in constant-

current mode at the 1-phenyloctane/HOPG interface. STM tips were prepared by 
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mechanical cutting of Pt/Ir wire (90/10, diameter 0.25 mm, Goodfellow). Solutions 

were prepared by dissolving 0.4 mg/ml (u)Cn-NDI-(u)Cn in 1-phenyloctane (>98.0%, 

purchased by TCI). The solutions were heated to 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. All STM images were analyzed 

and processed using WSxM 5.015 and Gwyddion16. All bias values are given with 

respect to a grounded tip. Calculations: The reader is referred to the supplementary 

information of reference [14] for details on the calculations and for the periodic 

energy decomposition analysis of Eint.  

Appendix 3A 

A closer examination of the uC33-NDI-uC33 adlayer revealed the presence of kinks 

within the domains (see Figure 3A.1).We hypothesize that the major reason for the 

presence of the kinks within the uC33-NDI-uC33 domains is caused by the local 

deposition of mono- and di-cis-configured molecules, which disturbs the packing of 

the trans-configured alkenyl chains for geometrical reasons. We speculate that a 

monolayer formed by fully trans-configured uC28-NDI-uC28 or uC33-NDI-uC33 would 

be almost completely defect-free. The kinks are only observed on the uC33-NDI-uC33 

adlayer, which can mean that the adsorption energy of the uC28-NDI-uC28 with one or 

two double bonds in the cis-configuration is lower than that of its u1C33-NDI-uC33 

counterpart.  

 
Figure 3A.1 STM images of uC33-NDI-uC33 on HOPG showing the kinks within a domain. a) Vt=1 
V, Iset= 100 pA, 300 nm × 300 nm b) Vt=1 V, Iset= 50 pA, 50 nm × 50 nm and c) Vt=1 V, Iset= 100 
pA, 50 nm × 50 nm. 

Appendix 3B  

Assignment of the domain size The domain size was analyzed with Gwyddion using 

the ‘edit mask’ and ‘measure individual grain’ features. The sizes of domains from at 

least 5 different images (areas of ≥ 122500 nm2) were measured and the median was 

calculated from at least 100 different domains.  
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Assignment of disordered areas. Areas with random organized NDI molecules were 

assigned as disordered areas (see Figure 3B.1). Defects due to scanning or noise were 

excluded. The disordered areas were not considered as small domains.  

   

Figure 3B.1 STM image of C28-NDI-C28. Examples of disordered areas are marked with the 
turquoise circles. (Vt=1 V, Iset= 100 pA, 500 nm × 500 nm). 

Appendix 3C 

Uncommon observations upon scanning. Formation of large domains upon 

scanning were observed for the C28-NDI–C28 samples. The sizes of the domains 

formed upon scanning are not included in the statistics since we did not study the 

influence of the scanning process. The drastic changes upon scanning happened 

occasionally but were observed on different samples. Only minor changes upon 

scanning were observed for the other NDI layers.  

Figure 3C.1: Topography changes upon scanning at 86 seconds intervals. a) First scan 

(scanning direction ↑, Vt=1 V, Iset= 100 pA, 500 nm × 500 nm) b) second scan (scanning direction 

↑, Vt=1 V, Iset= 100 pA, 500 nm × 500 nm) c) third scan (scanning direction ↓, Vt=1 V, Iset= 100 

pA, 500 nm × 500 nm). 
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Appendix 3D 

Additional images of the assembly of C28-NDI-C28 on HOPG 

 

Figure 3D.1: STM images of C28-NDI-C28 on HOPG a) Vt=1 V, Iset= 100 pA, 500 nm × 500 nm b) 
Vt=1 V, Iset= 100 pA, 500 nm × 500 nm and c) Vt=0.7 V, Iset= 10 pA, 150 nm × 150 nm. 

Additional images of the assembly of C33-NDI-C33 on HOPG 

 

Figure 3D.2 STM images of C33-NDI-C33 on HOPG a) Vt=1 V, Iset= 100 pA, 350 nm × 350 nm b) 
Vt=1 V, Iset= 100 pA, 300 nm × 300 nm and c) Vt=0.6 V, Iset= 150 pA, 30 nm × 30 nm 

Additional images of the assembly of uC28-NDI-uC28 on HOPG 

 

Figure 3D.3 STM images of uC28-NDI-uC28 on HOPG a) Vt=1 V, Iset= 80 pA, 500 nm × 500 nm b) 
Vt=1 V, Iset= 100 pA, 250 nm × 250 nm and c) Vt=1 V, Iset= 100 pA, 350 nm × 350 nm. 
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Additional images of the assembly of uC33-NDI-uC33 on HOPG 

 

Figure 3D.4 STM images of uC33-NDI-uC33 on HOPG a) Vt=1 V, Iset= 100 pA, 250 nm × 250 nm b) 
Vt=1 V, Iset= 100 pA, 300 nm × 300 nm and c) Vt=1 V, Iset= 100 pA, 350 nm × 350 nm. 

Appendix 3E 

Experimental procedures for the synthesis of C28-NDI-C28, uC28-NDI-uC28, C33-NDI-C33 

and uC33-NDI-uC33 (courtesy of José Berrocal and Bas de Waal).  

General Remarks: Microwave reactions were performed on a Biotage Initiator 

reactor. Column chromatography was performed using a Grace Reveleris instrument 

equipped with an evaporative light scattering detector. 1H NMR and 13C NMR spectra 

were recorded either on a Varian Mercury Vx 400 MHz (100 MHz for 13C) or Varian 

Oxford AS 500 MHz (125 MHz for 13C) NMR spectrometers. Chemical shifts are given 

in ppm (δ) values relative to residual solvent or tetramethylsilane (TMS). Splitting 

patterns are labelled as s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, 

multiplet. Matrix assisted laser desorption/ionisation mass spectra were obtained on 

a PerSeptive Biosystems Voyager DE-PRO spectrometer or a Bruker autoflex speed 

spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-

butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrices. Infrared 

spectra were recorded on a Perkin Elmer Spectrum One 1600 FT-IR spectrometer or a 

Perkin Elmer Spectrum Two FT-IR spectrometer, equipped with a Perkin Elmer 

Universal ATR Sampler Accessory. Differential Scanning Calorimetry (DSC) 

measurements were carried out with a PerkinElmer Pyris 1 DSC under a nitrogen 

atmosphere with heating and cooling rates of 10 K/min. 

BrPh3P-C6-NHBoc (end cap): (6-((tert butoxycarbonyl)amino)hexyl)triphenyl-

phosphonium bromide. A solution of tert-Butyl N-(6-bromohexyl)carbamate (4.88 g; 

17.41 mmol) and triphenylphosphine (6.08 g, 21.18 mmol) in dry CH3CN (7 mL) were 

heated at 80 °C for 27 hours under argon. The mixture was cooled down and the 

solvent evaporated. The crude product was dissolved in CH2Cl2 (20 mL). This solution 

was added dropwise to heptane (220 mL) under vigorous stirring. The solvent was 

decanted, and the solid residue was stirred again (25 minutes) with another portion of 

heptane (100 mL). BrPh3P-C6-NHBoc (8.41 g; 15.49 mmol; 89% yield) was filtered 
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and dried under vacuum. 1H-NMR (CDCl3, 400 MHz) δ: 7.87-7.69 (m, 15H), 5.29 (s, 

2H), 4.80 (br s, 1H), 3.85-3.80 (m, 2H), 3.05 (q, J = 8 Hz, 2H), 1.70-1.57 (m, 4H), 1.40 (s, 

9H), 1.45-1.29 (m, 4H). 13C-NMR (CDCl3, 100 MHz) δ: 156.3, 135.1, 135.1, 133.9, 133.8, 

130.7, 130.5, 119.0, 118.1, 53.6, 40.3, 30.1, 29.9, 29.7, 28.6, 26.3, 23.1, 22.7, 22.6. 31P-

NMR (CDCl3, 162 MHz) δ: 24.5. Maldi-TOF MS (C29H37NO2PBr): Calculated Fw [M-Br]+ 

462.26, found m/z 462.31. 

uC28NH2: Heptacos-6-en-1amine. BrPh3P-C6-NHBoc (2.041 g; 3.76 mmol) was 

dissolved in dry THF (12 ml). Docosanal (starting block) (0.99 g; 3.05 mmol), 18-

Crown-6 (0.099 g; 0.374 mmol) and t-BuOK (1M in THF; 3.8 mL) were added. The 

mixture was heated up to reflux. An additional aliquot of BrPh3P-C6-NHBoc (310 mg; 

0.571 mmol) was added after 24 hours, and the mixture was refluxed for additional 40 

hours. The solvent was removed and the crude product was stirred with heptane (90 

ml) for one hour. The obtained solid was filtered, and then stirred again with heptane 

for 45 minutes (50 mL). The combined filtered solutions (heptane phase) were 

washed with CH3CN (5 × 50 mL). Removal of heptane yielded 1.44 g of crude product, 

which was purified with column chromatography (Grace Reveleris X2, 120 g SiO2 

column, heptane-EtOAc, from 1% to 20% EtOAc in 20 CV). A white solid was obtained 

(1.07 g), but 1H NMR analysis revealed the presence of impurities. The white solid 

(1.01 g) was dissolved in CH2Cl2 (4 ml) and TFA (1 mL) was added. The solution was 

stirred at room temperature for 5 hours under nitrogen. The mixture was diluted with 

CH2Cl2 (100 mL) and extracted with 1N NaOH (50 mL). The organic phase was washed 

with H2O (50 mL) and brine (50 mL), dried over Na2SO4, filtered and dried.  uC28NH2 

(0.8 g; 2.03 mmol; 67% yield) was obtained as a white solid. 1H-NMR (CDCl3, 400 

MHz) δ: 5.40-5. 31 (m, 2H), 2.68 (t, J = 8 Hz, 2H), 2.05-1.97 (m, 4H), 1.48-1.41 (m, 2H), 

1.35-1.25 (m, 42H), 0.88 (t, J = 8 Hz, 3H). 13C-NMR (CDCl3, 100 MHz) δ: 130.3, 129.8, 

42.4, 34.0, 32.1, 29.9, 29.9, 29.8, 29.8, 29.7, 29.5, 29.5, 27.4, 27.3, 26.7, 22.9, 14.3. 

Melting point (DSC): 49.9 °C (broad interval 42 ºC - 54 °C). Maldi-TOF MS for C28H57N. 

Calculated Mw 407.45 g/mol, found m/z 408.49 [M+H+]. 

uC28-NDI-uC28:2,7-di(octacos-6-en-1-yl)benzo[lmn][3,8]phenanthroline-1,3,6,8-

(2H,7H)-tetraone. Naphthalene diimide (NDA) (115 mg; 0.43 mmol) and uC28NH2 

(350 mg; 0.86 mmol) were suspended in a DMF:THF mixture (6 mL and 5 mL, 

respectively) in a microwave vial. The suspension was sonicated for 5 minutes, the 

vial was sealed and the mixture was heated at 75 °C for 5 minutes, followed by 20 

minutes at 140 °C. The mixture was cooled down and poured in 1M NaOH (200 mL) to 

induce precipitation. The solid was filtered by suction and dried. The crude material 

was purified with column chromatography (SiO2, heptane/CHCl3 from 0% to 100% 

CHCl3 in 5 CV) to afford uC28-NDI-uC28 as white solid (315 mg; 0.3 mmol; 70% yield). 
1H-NMR (CDCl3, 600 MHz) δ: 8.75 (s, 4H), 5.37-5.30 (m, 4H), 4.19 (t, J = 8 Hz, 4H), 2.00 

(q, J = 8 Hz, 8H), 1.74 (p, J = 8 Hz, 4H), 1.42 (p, J = 8 Hz, 4H), 1.40-1.20 (m, 80H), 0.87 

(t, J = 8 Hz, 6H). 13C-NMR (CDCl3, 150 MHz) δ: 163.0, 131.1, 130.5, 130.5, 130.1, 130.0, 

126.83, 126.8, 41.2, 32.8, 32.1, 29.9, 29.9, 29.8, 29.8, 29.72 29.7, 29.6, 29.5, 29.5, 29.5, 
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29.3, 29.3, 28.2, 27.4, 27.2, 22.9, 14.3. Melting point (DSC): Two thermal transitions 

observed at 80.6 °C and 100.3 °C. Above 100.3 °C all the material is in the molten state. 

Maldi-TOF MS for C70H114N2O4. Calculated Mw 1048.87 g/mol, found m/z 1048.88[M•-]. 

C28-NDI-C28:2,7-dioctacosylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-

tetraone. uC28-NDI-uC28 (200 mg; 0.191 mmol) was weighed in a 5 mL round bottom 

flask and a 2:1 mixture of toluene and ethyl valerate was added (3 mL). The solution 

was bubbled with N2, Pd/C (15 mg) was added, the reflux condenser was mounted 

and the flask was sealed under N2. A H2 balloon was connected to the set up and the 

atmosphere saturated with H2. The mixture was heated at 100 °C under stirring for 3 

hours. The solvent was removed and the crude product was loaded on a Soxhlet 

cartridge. A Soxhlet extraction with heptane was carried out overnight. The extracted 

solution was cooled down. Upon cooling a white solid precipitated, which was filtered, 

washed with pentane and dried under vacuum to afford C28-NDI-C28 as white solid 

(161 mg; 0.153 mmol; 80% yield). 1H-NMR (Cl2CDCDCl2, 500 MHz) δ: 8.77 (s, 4H), 4.23 

(t, J = 8 Hz, 4H), 1.81 (p, J = 8 Hz, 4H), 1.50-1.20 (m, 100H), 0.94 (t, J = 8 Hz, 6H). 13C-

NMR (Cl2CDCDCl2, 125 MHz) δ: 162.5, 130.6, 126.6, 40.9, 31.7, 29.5, 29.4, 29.4, 29.3, 

29.1, 29.1, 28.0, 26.9, 22.4, 13.8. Melting point (DSC): 139.5 °C. 

BrPh3P-C11-Phthalimide (end cap): (11-(1,3-dioxoisoindolin-2-yl)undecyl)-

triphenylphosphonium bromide. BrPh3P-C11-Phthalimide (4.58 g; 12.08 mmol) 

was suspended in dry CH3CN (6 ml) under an argon atmosphere. Triphenylphosphine 

(6.32 g; 24.09 mmol) was added and the mixture was refluxed for 19 hours. The 

mixture was concentrated on a rotary evaporator and the crude product was stirred 

for 1 hour with hexane (100 mL). Hexane was decanted. The solid residue was 

dissolved in CH2Cl2 (30 mL) and precipitated by dropwise addition to hexane (300 

mL) under vigorous stirring. The precipitation procedure was repeated a second time 

with hexane (50 mL). The product was filtered and dried (7.36 g; 11.45 mmol; 95 %). 
1H-NMR (CDCl3, 400 MHz) δ: 7.82-7.67 (m, 19H), 3.73-3.65 (m, 2H), 3.60 (t, J = 8 Hz, 

2H), 1.61-1.57 (m, 6H), 1.30-1.1 (m, 12H). 13C-NMR (CDCl3, 100 MHz) δ: 168.5, 135.1, 

135.1, 134.0, 133.7, 133.6, 132.2, 130.6, 130.5, 123.2, 118.8, 118.0, 38.1, 30.5, 30.3, 

29.4, 29.3, 29.1, 29.1, 28.6, 26.8, 23.1, 22.7, 22.6, 22.6. 31P-NMR (CDCl3, 162 MHz) δ: 

24.3. Maldi-TOF MS for C37H41NO2PBr. Calculated Fw [M-Br]+ 562.29, found m/z 

562.33. 

uC33NH2:Tritriacont-11-en-1-amine. BrPh3P-C11-Phthalimide (1.02 g; 1.59 mmol) 

was dissolved in dry THF (6 mL) and cooled to 0ºC (ice/water bath). A solution of t-

BuOK (1M in THF; 1.65 mL) was added quickly after cooling, resulting in a clear dark 

orange solution. A solution of Docosanal (starting block) (0.46 g; 1.417 mmol) and 18-

Crown-6 (17 mg; 0.643 mmol) in THF (6 mL) was added. The solution immediately 

turned dark yellow. The mixture was stirred for 16 hours at room temperature. The 

solvent was removed and the crude product was stirred for 30 minutes with hexane 

(50 mL). The solid was filtered and washed with hexane (2 times 25 mL). The 
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combined hexane fractions were repeatedly extracted with CH3CN (4 × 25 mL). A solid 

(0.65 g) was obtained after concentration of the hexane layer. The crude product was 

purified with column chromatography (SiO2, heptane/EtOAc. Gradient: 1-15 % EtOAC 

in 20 column volumes). A white solid was obtained (0.46 g). The solid was introduced 

in a Schlenk flask with a septum cap and stirred for 19 hours at 70 ºC with a 33 wt% 

CH3NH2/CH3OH solution (7 mL). The mixture was cooled and H2O (7 mL) was added. 

The mixture was filtered and the solid residue washed with H2O (5 × 10 mL). The solid 

was dried and uC33NH2 (0.3 g; 0.63 mmol) was obtained pure after column 

chromatography (SiO2, a first elution with 70:30 CHCl3/EtOAc eluted the impurities, 

the product was eluted with 20:10:2 CHCl3/EtOAc/i-PrNH2). 1H-NMR (CDCl3, 400 

MHz) δ: 5.40-5.30 (m, 2H), 2.67 (t, J = 8 Hz, 2H), 2.01 (q, J = 8 Hz, 4H), 1.45-1.41 (m, 

2H), 1.36-1.22 (m, 52H), 0.88 (t, J = 8 Hz, 3H). 13C-NMR (CDCl3, 100 MHz) δ: 130.1, 

130.0, 42.4, 34.1, 32.1, 29.9, 29.9, 29.8, 29.8, 29.8, 29.7, 29.7, 29.7, 29.5, 29.5, 27.4, 

27.1, 22.9, 14.3. Melting point (DSC): 47.3 °C. Maldi-TOF MS for C33H67N. Calculated Mw 

477.53 g/mol, found m/z 478.56 [M+H+].  

uC33-NDI-uC33: 2,7-di(tritriacont-11-en-1-yl)benzo[lmn][3,8]phenanthroline-1,-

3,6,8(2H,7H)-tetraone. NDA (56.1 mg; 0.21 mmol) and uC33NH2 (200 mg; 0.42 

mmol) were suspended in a DMF:THF mixture (6 mL and 5 mL, respectively) in a 

microwave vial. The suspension was sonicated for 5 minutes, the vial was sealed and 

the mixture was heated at 75 ºC for 5 minutes, followed by 20 minutes at 140 °C. The 

mixture was cooled down and poured in 1M NaOH (200 mL) to induce precipitation. 

The solid was filtered by suction and dried. The crude material was purified with 

column chromatography (SiO2, heptane/CHCl3 from 0% to 100% CHCl3 in 5 CV) to 

afford uC33-NDI-uC33 as white solid (220 mg; 0.19 mmol; 88% yield). 1H-NMR (CDCl3, 

600 MHz) δ: 8.75 (s, 4H), 5.39-5.30 (m, 4H), 4.19 (t, J = 8 Hz, 4H), 2.00 (q, J = 8 Hz, 8H), 

1.74 (p, J = 8 Hz, 4H), 1.42 (p, J = 8 Hz, 4H), 1.46-1.20 (m, 100H), 0.88 (t, J = 8 Hz, 6H). 
13C-NMR (CDCl3, 150 MHz) δ: 163.0, 131.1, 130.5, 130.5, 130.1, 130.0, 126.8, 126.8, 

41.2, 32.8, 32.1, 29.9, 29.9, 29.8, 29.7, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.5, 29.4, 29.3, 

28.25, 27.4, 27.3, 22.9, 14.3. Melting point (DSC): 103.2 °C. Maldi-TOF MS for 

C80H134N2O4. Calculated Mw 1187.03 g/mol, found m/z 1187.06 [M•-]. 

C33-NDI-C33: 2,7-ditritriacontylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-

tetraone. uC33-NDI-uC33 (150 mg; 0.126 mmol) was weighed in a 5 mL round bottom 

flask and a 2:1 mixture of toluene and ethyl valerate was added (3 mL). The solution 

was bubbled with N2, Pd/C (15 mg) was added, the reflux condenser was mounted 

and the flask was sealed under N2. A H2 balloon was connected to the set up and the 

atmosphere saturated with H2. The mixture was heated at 100 ºC under stirring for 3 

hours. The solvent was removed and the crude product was loaded on a Soxhlet 

cartridge. A Soxhlet extraction with heptane was carried out overnight. The extracted 

solution was cooled down. Upon cooling a white solid precipitated, which was filtered, 

washed with pentane and dried under vacuum to afford C33-NDI-C33 as white solid 

(120 mg; 0.1 mmol; 80% yield). 1H-NMR (Cl2CDCDCl2, 500 MHz) δ: 8.77 (s, 4H), 4.23 



 

49 

 

 

 

 Discrete long Alkylated Naphthalenediimides Surface-Infrastructures 

(t, J = 8 Hz, 4H), 1.81 (p, J = 8 Hz, 4H), 1.51-1.20 (m, 120H), 0.94 (t, J = 8 Hz, 6H). 13C-

NMR (Cl2CDCDCl2, 125 MHz) δ: 162.5, 130.6, 126.6, 40.9, 31.7, 29.5, 29.4, 29.4, 29.3, 

29.1, 29.1, 28.0, 26.9, 22.4, 13.8. Melting point (DSC): 137.1 °C. 
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Influence of Multiple Unsaturations in the Alkyl 
Chains of Naphthalenediimides on the Self-
Assembly 

 

 

 

 

 

 

 

 

We show that the substantial extension of the unsaturated carbon chains dramatically 
increases the strength of inter-chain van der Waals interactions. Such pronounced forces 
lead to a tighter packing of the carbon chains, ultimately causing a deformation to the 
typical flat alignment of the NDI cores on HOPG. 

__________________________________________________________________________________________________ 

Part of this chapter will be submitted for publication as; Berrocal, J. A.‡; Heideman, G. 
H. ‡; de Waal, B. F. M.; Meijer, E. W.; Feringa, B. L. Consequence of enhanced van der 
Waals interactions on the self-assembly of long carbon chain-naphthalenediimides at the 
liquid/solid interface. ‡ equal contributions   
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4.1 Introduction 

In Chapter 3 the interesting role of an internal double bond in the alkyl chain of 

alkylated naphthalenediimides (NDI’s) on the self-assembly at the solvent/surface 

interface was discussed. Here, the limits are pushed even further in terms of alkyl 

chain length compared to previously explored molecules.1–3 The same type of 

chemistry was used to synthesize ‘ultra-long’ alkyl chains. More importantly, multiple 

unsaturations were introduced in the alkyl chain to complement the previous study 

on the long-range order of unsaturated NDI molecules. The ultimate goal is to 

fabricate robust surface-infrastructures for the adsorption of molecular motors. We 

envisioned that the longer alkyl chains increase the separation between two NDI 

lamellae. Therefore, when the right adsorption strategy is explored, molecular motors 

could eventually be more separated on the surface. This would make it easier to study 

single-molecules on the surface and eventually allows to examine larger molecular 

motors.  

4.2 Discrete long alkylated naphthalenediimides 

We present here a new class of ultra-long alkylated naphthalenediimides i.e. 

 u2C39-NDI-u2C39, u2C44-NDI-u2C44, u3C50-NDI-u3C50 and u3C55-NDI-u3C55 

(unsaturated NDIs), and their hydrogenated counterparts C39-NDI-C39 and C44-NDI-

C44 and C50-NDI-C50 (saturated NDIs). The fully extended chemical structures are 

shown in Scheme 4.1. The studied NDIs feature either 39, 44, 50 or 55 carbon atoms in 

the linear chain (C39, C44, C50 and C55, respectively) and only differ by the 

presence/absence of unsaturations in each carbon chain. The unsaturation (when 

present) is highlighted by the letter u, the subscripts 2 or 3 refer to the number of 

double bonds in each chain. The subscripts Cn-Cn refer to the position of the double 

bond with respect to the NDI core. For example, uC6-C7Cn-NDI has one double bond 

between carbon 6 and 7 counted from the NDI core.  
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Scheme 4.1 Chemical structures of C39-NDI-C39,  u2C39-NDI-u2C39, C44-NDI-C44, u2C44-NDI-
u2C44,  C50-NDI-C50, u3C50-NDI-u3C50 and  u3C55-NDI-u3C55.  

4.3 Results and Discussion 

4.3.1 Synthesis of alkylated naphthalenediimides 

In the previous chapter the synthesis of the NDIs with long alkyl chains via Wittig 

olefination4 was described. The Wittig reaction was performed between a starting 

block (with an aldehyde functionality) and an end cap (phosphonium ylide) to obtain 

the unsaturated amines (uCn-NH2). Subsequently uCn-NH2 was coupled to  

naphthalenedianhydride (NDA) to give uCn-NDI-uCn (with n=28 or 33). In order to 

increase the length of the alkyl chain an extra building block was introduced i.e. the 

chain extender (Scheme 4.2) and iterative Wittig olefination reactions were used to 

couple the different building blocks.  Such building blocks allowed for an iterative 

chain extension of eleven carbon atoms at once, generating a new internal double 
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bond at each iteration. The stereochemistry of the unsaturation was not controlled, 

but the formation of the Z-isomer was favored in view of the conditions of the Wittig 

olefination applied (non-stabilized phosphorous ylide).  

 

 

 
Scheme 4.2 Main building blocks for the synthesis of C39-NDI-C39,  u2C39-NDI-u2C39, C44-NDI-
C44, u2C44-NDI-u2C44, C50-NDI-C50, u3C50-NDI-u3C50 and u3C55-NDI-u3C55 (courtesy of José 
Berrocal and Bas de Waal). 

 

The aldehyde featuring 22-carbon atoms was used as starting material, analogously to 

our previous work.3 The first reaction allowed to extend the carbon chain by 11 

carbon atoms, installing the first double bond along the carbon chain (uC33-

CH(CH2O)2). Upon deprotection of the acetal to the aldehyde, the compound could 

react further with one of the end caps. Hereby, the second unsaturation in the chain 

was installed. This procedure allowed us to obtain u2C39-NDI-u2C39 (uC6-C7 and uC17-C18) 

and u2C44-NDI-u2C44 (uC11-C12 and uC22-C23). The  saturated analogs C39-NDI-C39 and C44-

NDI-C44 were obtained by palladium on carbon (Pd/C)-catalyzed hydrogenation. 

Similarly, C50-NDI-C50, u3C50-NDI-u3C50 (uC6-C7, uC17-C18 and uC28-C29) and u3C55-NDI-

u3C55 (uC11-C12 , uC22-C23  and uC33-C34) were obtained using one additional iteration with 

the chain extender.  

4.3.2 Self-assembly of (u2)Cn-NDI-(u2)Cn  

We first studied the self-assembly of the saturated C39-NDI-C39 and C44-NDI-C44 

molecules at the 1-phenyloctane/HOPG interface. The NDIs were dissolved in 1-

phenyloctane (0.4 mg/ml), then the resulting solution was heated to 100°C before the 

molecules were deposited via drop casting on freshly cleaved HOPG and subsequently 

imaged. The NDIs spontaneously self-assembled into ordered lamellae immediately 

after deposition. The bright protrusions in the STM images correspond to the aromatic 

cores of the NDI whereas the alkyl chains appear as darker regions. The distances 
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between two centers of the NDI cores (unit cell parameters b) of C39-NDI-C39 and C44-

NDI-C44 was measured to be b=0.95±0.04 nm and b=0.92±0.02 nm, respectively (Table 

4.1). These b values are similar to the earlier determined b values of C28-NDI-C28,  

uC28-NDI-uC28, C33-NDI-C33 and uC33-NDI-uC33 (0.88±0.08 nm, 0.86±0.10 nm, 

0.99±0.10 nm and 0.94±0.06 nm, respectively)(see Chapter 3), indicating that the NDI 

cores are assembled in the same manner, i.e. aligned flat on the surface. The 

arrangement of the individual alkyl chains was determined from high resolution STM 

images. Two different packing arrangements for the carbon chains of C39-NDI-C39 

were observed (Figure 4.1a): an interdigitated-arrangement, defined as ˮlamellar 

phase Aˮ, and a non-interdigitated diagonal-mode, designated as ˮlamellar phase Bˮ. 

This is consistent with previous investigations in which the Cn-NDI-Cn design 

consistently afforded lamellar morphologies at the 1-phenyloctane/HOPG interface 

when n≥13.1,3  

 

Figure 4.1 STM topography images of a-b) C39-NDI-C39 and c) u2C39-NDI-u2C39 at the 1-
phenyloctane/HOPG interface. a) Close-up STM image showing the presence of alkyl chains in 
diagonal (B) and interdigitating fashion (A) (45 nm × 45 nm, Vtip = 1 V, Iset = 100 pA). b) Large-
area scan showing many small domains of C39-NDI-C39 molecules (200 nm × 200 nm, Vtip = 1 V, 
Iset = 100 pA). c) Large-area scan showing large domains of u2C39-NDI-u2C39 molecules (200 nm 
× 200 nm, Vtip = 1 V, Iset = 60 pA). d) Close-up STM image of C44-NDI-C44 showing the 
predominant presence of lamellar phase A (45 nm × 45nm, Vtip = 1.3 V, Iset = 100 pA). The 
orange box designates the tortuous NDI cores. e) Large-area scan of C44-NDI-C44 (300 nm × 300 
nm, Vtip = 1 V, Iset = 100 pA) and f) Large-area scan of u2C44-NDI-u2C44 (200 nm × 200 nm, Vtip = 
1.3 V, Iset = 100 pA). 

However, a close inspection to the self-assembled monolayers of C39-NDI-C39 (Figure 

4.1a) and C44-NDI-C44 (Figure 4.1d) highlighted the diminution of phase B and the 
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introduction of a miss-alignment of the NDI cores in phase A upon extending the alkyl 

chain length. Furthermore, the large-area scans of C39-NDI-C39 (Figure 4.1b) revealed 

the remarkable tendency of these molecules to deviate from the right-angled lamellar 

morphologies as result of carbon chain extension, resulting in curvature in the 

assembly. This peculiar character became more and more pronounced upon extending 

the chain length as present in C44-NDI-C44 (Figure 4.1e). We hypothesize that the 

mismatching is caused by the increased contribution of van der Waals interactions 

between large parts of the chain. 

Qualitatively more ordered self-assembled monolayers were obtained upon drop 

casting solutions of the unsaturated u2Cn-NDI-u2Cn in 1-phenyloctane onto freshly 

cleaved HOPG (Figure 4.1c and f). The two unsaturated derivatives, namely u2C39-

NDI-u2C39 and u2C44-NDI-u2C44 gave place to lamellae with the typical alternation of 

dark (carbon chains) and bright (NDI) areas in the STM images. The STM images 

shown in Figure 4.1 offer a strong visual representation of the influence of the double 

bonds (compare Figure 4.1b and c, 4.1e and f). Whenever the internal double bonds 

were present in the molecular structure, the monolayers generated showed a 

convincing tendency to be more ordered. This result confirms that internal double 

bonds placed in long carbon-chains derivatives can be exploited as on-surface order-

inducing functional groups. However, the size of the domains did not increase upon 

increasing the alkyl chain length from 39 to 44 carbons per chain, this in contrast to 

our previous systems (uC28-NDI-uC28 and uC33-NDI-uC33, see Chapter 3) where the 

longer alkyl chains resulted in larger domains. Moreover, the same trend of increasing 

disorder upon extending the number of carbon atoms in the chain length occurred 

with u2C39-NDI-u2C39 and u2C44-NDI-u2C44. We anticipate that the packing of the long 

carbon chains plays a pivotal role also in this case, similarly to what previously 

discussed for the fully saturated C39-NDI-C39 and C44-NDI-C44. 
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Table 4.1 Unit cell parameters for the supramolecular arrangements of C39-NDI-C39,  u2C39-
NDI-u2C39, C44-NDI-C44, u2C44-NDI-u2C44, C50-NDI-C50, u3C50-NDI-u3C50 and u3C55-NDI-u3C55 at 
the 1-phenyloctane/HOPG interface. 
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4.3.3 Stereoisomer selectivity on the surface 

Up to now, we have discussed the significant effect of the double bond in the alkyl 

chain on the long-range order of the self-assembled systems. However, the 

configuration of these unsaturations was not yet addressed. Given the lack of 

complete stereochemical control of the Wittig olefination we have up to ten 

distinguishable isomers in each u2Cn-NDI-u2Cn solution.5 Previously we have reported 

that in the case of one unsaturation per alkyl chain, the E-E-isomer is predominantly 

adsorbed on the surface (see Chapter 3). The introduction of an extra unsaturation 

per chain (u2), revealed the presence of different isomers within the assembly. Figure 

4.2a shows four double bonds as additional bright protrusions next to the NDI core 

(orange spheres) in E-configuration, while in Figure 4.2b one of the double bonds 

appeared in the Z-configuration (turquoise sphere).  

 

Figure 4.2 STM topography images of u2C44-NDI-u2C44 at the 1-PO/HOPG interface. a) STM 
image of u2C44-NDI-u2C44 with all the double bonds (bright protrusions next to the NDI core) in 
the E-configuration (10 nm × 10 nm, Vtip = 1.3 V, Iset = 100 pA); b) STM image of u2C44-NDI-u2C44 

with double bonds in both the E- and the Z-configuration (10 nm × 10 nm, Vtip = 1.3 V, Iset = 200 
pA). The orange spheres indicate the positions of the E-configured double bonds and the 
turquoise sphere points out the Z-configured double bond. 

4.3.4 Self-assembly of (u3)Cn-NDI-(u3)Cn  

Next we studied the self-assembly of the largest molecules, namely C50-NDI-C50, u3C50-

NDI-u3C50 and u3C55-NDI-u3C55, at the 1-phenyloctane/HOPG interface. Solutions of 

these NDIs (0.4 mg/mL in 1-phenyloctane) were drop casted at 150 °C onto freshly 

cleaved HOPG substrates and subsequently imaged. The elevated temperature 

facilitated the solubilization of these large molecules. Figure 4.3 shows the influence of 

the triple-unsaturated carbon chains on the long-range order of the assembly, it was 

again demonstrated that the unsaturated compounds reveal a higher degree of order. 

However, the size of the highly-ordered areas decreased upon increasing the chain 

length, as discussed before. The introduction of an extra unsaturation in each carbon 

chain did lead to new interesting features. Previously it was shown that the NDI cores 

of (u2)C39-NDI-(u2)C39 and  (u2)C44-NDI-(u2)C44 are adsorbed in a flat manner on the 

surface with a b value of approximately 0.9 nm (Table 4.1), which corresponds to 

earlier reported values for NDIs with shorter alkyl chains.1,3 Conversely, for u3C50-
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NDI-u3C50 and u3C55-NDI-u3C55 the b value was measured to be significantly smaller 

i.e. 0.62 ± 0.13 nm and 0.52 ± 0.01 nm, respectively. This suggest the lack of space for 

a flat NDI core, which forces the core to tilt with respect to the surface. 

 

Figure 4.3  STM topography images of a) C50-NDI-C50 (175 nm × 175 nm, Vtip = 1 V, Iset = 100 
pA); b) u3C50-NDI-u3C50 (350 nm × 350 nm, Vtip = 1 V, Iset = 80 pA; c) u3C50-NDI-u3C50 (350 nm × 
350 nm, Vtip = 1 V, Iset = 100 pA)  and d) u3C55-NDI-u3C55 (400 nm × 400 nm, Vtip = 1 V, Iset = 100 
pA) at the 1-phenyloctane/HOPG interface showing a high degree of local order in the 
assemblies of the u3-NDIs. 

Having a closer look to the STM images of the triply unsaturated NDIs, a third packing-

mode can be observed (Figure 4.4a-b). The alkyl chains neither displayed 

interdigitation or a diagonal assembly, but assembled in a parallel lamellar fashion, 

hereby defined as  ˮlamellar phase Cˮ. This assembly is driven by the stronger van der 

Waals interactions between two unsaturated chains (uC-uC) compared to the 

interaction between an unsaturated chain and a saturated chain (uC-C).3 Hence, we 

also observed higher a values (Table 4.1) for u3C50-NDI-u3C50 (phase C) compared to 

C50-NDI-C50  (phase A). Also in terms of stereoselectivity on the surface this new class 

of NDIs with triply unsaturated alkyl chains showed remarkable behavior. The 

geometric isomers with E-configured double bonds were predominant in the 

assemblies of uCn-NDI-uCn and u2Cn-NDI-u2Cn on HOPG. Interestingly, in case of u3Cn-

NDI-u3Cn, the surface appeared to be most adaptive for the isomers with Z-configured 

double bonds resulting in highly-ordered domains of one specific isomer (ZZZ-ZZZ) 

out of all the possible isomers (Figure 4.4 and Appendix 4A).    
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Figure 4.4  STM topography images of a) u3C50-NDI-u3C50 (25 nm × 25 nm, Vtip = 0.9 V, Iset = 40 
pA) at the 1-phenyloctane/HOPG interface showing a new type of lamellar assembly i.e. ˮphase 
Cˮ. The blue spheres indicate the positions of the Z-configured double bonds and the orange 
arrow points out the junction between two lamellae. b) Zoom of image (a) with overlaying 
schematic molecular model.  

4.3.5 Influence of the internal double bonds  

The hypothesis that the tilting of the NDI core is caused by stronger van der Waals 

interactions between two carbon chains due to the presence of unsaturations (as in 

lamellar phase C) is supported by preliminary gas-phase calculations. The results of 

these calculations between different carbon chains (C6-C6, C6-uC6 and uC6-uC6) are 

shown in Figure 4.5 and reveal a more favorable interaction between two unsaturated 

chains. Furthermore, the unit cell vectors (turquoise arrow in Figure 4.5) of the 

optimized geometry decreased upon the addition of a double bond, i.e. 9.41 Å for the 

C6-C6, 9.20 Å for the C6-uC6 and 8.96 Å for the uC6-uC6 geometry. The reader is referred 

to the supplementary information of reference [3] for details on the calculations.  

 

 

Figure 4.5 Gas-phase calculations (PBE-D3 functional) of the interactions between C6 carbon 
chains, with (uC6) and without (C6) unsaturations indicating an increased interaction between 
two unsaturated chains. The unit cell vector is marked with the turquoise arrow and the unit 
cell contains two alkyl chains. Three different configurations were considered: a) a unit cell with 
two C6 chains; b) a unit cell with a C6 chain and a uC6 chain, and c) a unit cell with two uC6 
chains. The interaction energy (Eint) for each configuration is shown below the structural model. 
The orange ellipses mark the position where the double bond was added within the alkyl chain. 
Courtesy of Mihaela Enache.  
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4.4 Conclusion 

In summary, we have synthesized and studied the self-assembly at the 1-

phenyloctane/HOPG interface of a new class of unsaturated NDIs with 2 or 3 double 

bonds along the carbon chains and their saturated counterparts, i.e. C39-NDI-C39,  

u2C39-NDI-u2C39, C44-NDI-C44, u2C44-NDI-u2C44, C50-NDI-C50, u3C50-NDI-u3C50 and 

u3C55-NDI-u3C55. The results reveal that longer alkyl chains do not necessary lead to 

the formation of larger domains. Upon increasing the chain length, defects are induced 

due to the miss-alignment of the alkyl tails. However, the introduction of 

unsaturations (u2 or u3) lead to a significant improvement of the local ordering in the 

self-assembled monolayers. The high-resolution STM images allowed us to identify 

the configuration of the different stereoisomers within the monolayer and revealed 

the adaptive character of the surface. The most remarkable feature was exposed in the 

assemblies of NDIs with triply-unsaturated carbon chains (u3C50-NDI-u3C50 and u3C55-

NDI-u3C55), the high adaptivity of the surface for the Z-configured double bonds 

resulted in highly-order domains of one specific isomer (ZZZ-ZZZ-isomer) out of all the 

possible isomers. Moreover, the pronounced forces between two ZZZ-u3C50/55 chains 

lead to a tighter packing of the carbon chains, ultimately causing a deformation of the 

typical flat alignment of the NDI cores on HOPG.  
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4.5 Experimental 

Synthesis: The synthesis and characterization of the NDI compounds can be found in 

Appendix 4B. 

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

°C) under ambient conditions using an STM (Molecular Imaging) 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). 

Solutions were prepared by dissolving 0.4 mg/ml (u)Cn-NDI-(u)Cn in 1-phenyloctane 

(>98.0%, purchased by TCI). The solutions were heated to 100°C and subsequently 

drop casted onto a freshly cleaved HOPG surface (ZYB grade, Bruker AFM probes). The 

solutions with the larger NDI molecules (C50-NDI-C50, u3C50-NDI-u3C50 and u3C55-NDI-

u3C55 were heated to 150°C prior to the deposition on HOPG due to solubility issues. 

During scanning the STM tip was immerged into the solution. All STM images were 

analyzed and processed using WSxM 5.07 and Gwyddion8. All bias values are given 

with respect to a grounded tip. 
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Appendix 4A 

   
 
Figure 4A.1 additional STM topography images of (ux)Cn-NDI-(ux)Cn at the 1-
phenyloctane/HOPG interface. a) Vtip = 1 V, Iset = 50 pA; b) Vtip = 1 V, Iset = 20 pA; c) Vtip = 1 V, Iset 
= 50 pA; d) Vtip = 1.3 V, Iset = 100 pA; e)Vtip = 1 V, Iset = 50 pA; f) Vtip = 1 V, Iset = 50 pA; g) Vtip = 1 V, 
Iset = 20 pA; h) Vtip = 1 V, Iset = 20 pA; i) Vtip = 1 V, Iset = 80 pA; j) Vtip = 1.3 V, Iset = 25 pA; k) Vtip = 
1.4 V, Iset = 500 pA and l) Vtip = 1.1 V, Iset = 100 pA. 
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Appendix 4B 

Experimental procedures for the synthesis of C39-NDI-C39,  u2C39-NDI-u2C39, C44-NDI-

C44, u2C44-NDI-u2C44, C50-NDI-C50, u3C50-NDI-u3C50 and u3C55-NDI-u3C55 (courtesy of 

José Berrocal and Bas de Waal). For general remarks see chapter 3 appendix 3E. 

u2C39-NH2 :nonatriaconta-6,17-dien-1-amine. BrPh3P-C6-NHBoc (1.04 g; 2.58 

mmol) was dissolved in dry THF (8 mL). Finely ground dry K2CO3 (720 mg; 5.21 

mmol) was added, followed by (E/Z)-tritriacont-11-enal (C33H64O)9 (1.02 g; 2.14 

mmol) and 18-Crown-6 (0.071 g; 0.268 mmol). The mixture was heated up to reflux 

for 29 hours, after which 1H NMR analysis revealed full conversion. The solvent was 

removed and the crude product was stirred with heptane (100 mL) for one hour. The 

obtained solid was filtered (folded paper filter), and the filter washed thoroughly 

twice with heptane (50 mL). The combined heptane solutions were washed with 

CH3CN (5 × 50 mL). Removal of heptane yielded 0.95 g of crude product, which was 

purified with column chromatography (Grace Reveleris X2, 24g HP-Sil Buchi column, 

heptane-EtOAc, from 0% to 18% EtOAc in 20 CV). Column chromatography afforded 

0.767 g of impure u2C39NHBoc. The obtained compound was dissolved in CHCl3 (6 

mL) under an Ar atmosphere. TFA (2 mL) was added, and the resulting solution was 

stirred for 4 hours at room temperature. The mixture was diluted with CHCl3 (50 mL) 

and extracted with 1M NaOH (50 mL). The organic phase was washed with H2O (50 

mL) and brine (50 mL), dried over Na2SO4, filtered and dried, obtaining 0.636 g of 

crude product. Purification with column chromatography (Grace Reveleris X2, 24g 

Buchi SiO2 column, 7:3 CHCl3/EtOAc to remove the impurities; the addition of 5% iso-

propylamine to the eluent mixture allowed the elution of the amine) afforded 

u2C39NH2 (0.276 g; 0.492 mmol; 23% yield). 1H-NMR (CDCl3, 600 MHz) δ: 5.38-5.32 

(m, 4H), 2.68 (t, J = 6 Hz, 2H), 2.04-1.95 (m, 8H), 1.44-1.25 (m, 60H), 0.88 (t, J = 6 Hz, 

3H). 13C-NMR (CDCl3, 150 MHz) δ: 130.7, 130.5, 130.5, 130.2, 130.2, 130.1, 130.0, 

129.7, 42.4, 33.9, 33.9, 32.8, 32.7, 32.1, 29.9, 29.9, 29.9, 29.8, 29.8, 29.8, 29.7, 29.7, 

29.7, 29.6, 29.6, 29.5, 29.5, 29.3, 27.4, 27.4, 27.3, 26.7, 26.5, 22.8, 14.3. FT-IR: 3351 (N-

H), 3004 (C=C-H), 2915 (C-H), 2846 (C-H). Maldi-TOF MS for C39H77N+H+: calculated 

560.61; found m/z = 560.64. Mp (DSC): three thermal transitions observed at 34.7 °C, 

42.0 °C and 55.0 °C. Above 58 °C all the material is in the molten state. 

u2C44-NH2: tetratetraconta-11,22-dien-1-amine. BrPh3P-C11-Phthalimide (2.27 g; 

3.54 mmol) was dissolved in dry THF (15 mL). Finely ground dry K2CO3 (1.13 g; 8.17 

mmol) was added, followed by (E/Z)-tritriacont-11-enal (C33H64O)9 (1.30 g; 2.73 

mmol) and 18-Crown-6 (0.074 g; 0.280 mmol). The mixture was heated up to reflux 

for 25 hours, after which 1H NMR analysis revealed full conversion. The solvent was 

removed and the crude product was stirred with heptane (100 mL) for one hour. The 

obtained solid was filtered (folded paper filter), and the filter washed thoroughly 

twice with heptane (25 mL). The combined heptane solutions were washed with 

CH3CN (5 × 50 mL). Removal of heptane yielded 1.37 g of crude product, which was 
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purified with column chromatography (Grace Reveleris X2, 24g HP-Sil Buchi column, 

heptane-EtOAc, from 0% to 18% EtOAc in 20 CV). Column chromatography afforded 

0.724 g of impure u2C44NPhth. The obtained compound was loaded in a Schlenk flask 

and a 33% ethanol solution of methylamine (6 mL) was added under an Ar 

atmosphere. The mixture was heated at 80°C for 18 hours. The hot solution was 

allowed to cool down to room temperature and, after standing for several hours, 

crystallization occurred. The precipitate was filtered off with suction, washed with 

EtOH (20 mL) and dried, affording a white solid. Purification with column 

chromatography (Grace Reveleris X2, 24g Buchi SiO2 column, 7:3 CHCl3/EtOAc to 

remove the impurities; the addition of 5% iso-propylamine to the eluent mixture 

allowed the elution of the amine) afforded u2C44NH2 (0.394 g; 0.625 mmol; 23% 

yield). 1H-NMR (CDCl3, 600 MHz) δ: 5.38-5.32 (m, 4H), 2.68 (t, J = 6 Hz, 2H), 2.03-1.94 

(m, 8H), 1.44-1.25 (m, 70H), 0.88 (t, J = 6 Hz, 3H). 13C-NMR (CDCl3, 150 MHz) δ: 130.5, 

130.5, 130.5, 130.1, 130.1, 130.0, 42.4, 34.0, 32.8, 32.1, 29.9, 29.9, 29.8, 29.8, 29.8, 

29.8, 29.7, 29.7, 29.5, 29.5, 29.3, 27.4, 27.1, 22.9, 14.3. FT-IR: 3258 (N-H), 3169 (N-H), 

3005 (C=C-H), 2915 (C-H), 2848 (C-H). Maldi-TOF MS for C44H87N+H+: calculated 

630.69; found m/z = 630.74 Mp (DSC): two thermal transitions observed at 33.7 °C 

and 54.8 °C. Above 56 °C all the material is in the molten state. 

u3C50-NH2:pentaconta-6,17,28-trien-1-amine. (E/Z, E/Z)-tritetraconta-11,22-dienal 

(C43H82O)9 (0.80 g; 1.273 mmol) and 18-Crown-6 (0.060 g; 0.227 mmol) were 

dissolved in dry THF (8 mL). Finely ground dry K2CO3 (0.558 g; 5.21 mmol) was 

added, followed by BrPh3P-C6-NHBoc (0.97 g; 1.782 mmol). The mixture was heated 

up to reflux for 69 hours, after which 1H NMR analysis revealed full conversion. The 

solvent was removed and the crude product was stirred with heptane (100 mL) for 

two hours. The obtained solid was filtered (folded paper filter), and the filter washed 

thoroughly twice with heptane (50 mL). The combined heptane solutions were 

washed with CH3CN (7 × 25 mL). Removal of heptane yielded 0.77 g of crude product, 

which was purified with column chromatography (Grace Reveleris X2, 24g HP-Sil 

Buchi column, heptane-EtOAc, from 0% to 18% EtOAc in 20 CV). Column 

chromatography afforded 0.617 g of impure u3C50NHBoc. The obtained compound 

was dissolved in CHCl3 (6 mL) under an Ar atmosphere. TFA (2 mL) was added, and 

the resulting solution was stirred for 4 hours at room temperature. The mixture was 

diluted with CHCl3 (100 mL) and extracted with 1M NaOH (100 mL). The organic 

phase was washed with H2O (100 mL) and brine (100 mL), dried over Na2SO4, filtered 

and dried, obtaining 0.600 g of crude product. Purification with column 

chromatography (Grace Reveleris X2, 24g Buchi SiO2 column, 7:3 CHCl3/EtOAc to 

remove the impurities; the addition of 5% iso-propylamine to the eluent mixture 

allowed the elution of the amine) afforded u3C50NH2 (0.457 g; 0.641 mmol; 50% 

yield). 1H-NMR (CDCl3, 600 MHz) δ: 5.38-5.32 (m, 6H), 2.68 (t, J = 6 Hz, 2H), 2.04-1.95 

(m, 12H), 1.47-1.25 (m, 74H), 0.88 (t, J = 6 Hz, 3H). 13C-NMR (CDCl3, 150 MHz) δ: 

130.7, 130.5, 130.5, 130.3, 130.2, 130.1, 130.0, 130.0, 129.8, 42.4, 33.9, 33.9, 32.8, 32.7, 



 

65 

 

 

 

 Influence of Multiple Unsaturations in the Alkyl Chains of Naphthalenediimides  

32.1, 30.0, 29.9, 29.9, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.6, 29.6, 29.5, 29.5, 29.3, 27.4, 

27.4, 27.3, 26.7, 26.5, 22.8. FT-IR: 3351 (N-H), 3004 (C=C-H), 2915 (C-H), 2846 (C-H). 

Maldi-TOF MS for C50H97N+H+: calculated Fw 712.7694; found m/z = 712.78. Mp (DSC): 

two thermal transitions observed at 32.8 °C and 50.8 °C. Above 52 °C all the material is 

in the molten state. 

u3C55-NH2: pentapentaconta-11,22,33-trien-1-amine. BrPh3P-C11-Phthalimide 

(1.28 g; 2.00 mmol) was dissolved in dry THF (10 mL). A 1M THF solution of t-BuOK 

(2.20 mL; 2.20 mmol), after which the solution turned dark red. After 5 minutes, a THF 

solution (10 mL) of 18-Crown-6 (0.022 g; 0.08 mmol) and (E/Z, E/Z)-tritetraconta-

11,22-dienal (C43H82O)9 (0.90 g; 1.43 mmol) was added dropwise during 5 minutes. 

The mixture was stirred at room temperature for 18 hours, after which 1H NMR 

analysis revealed full conversion. The solvent was removed and the crude product 

was stirred with heptane (100 mL) for one hour. The obtained solid was filtered 

(folded paper filter), and the filter washed thoroughly with twice with heptane (25 

mL). The combined heptane solutions were washed with CH3CN (5 × 50 mL). Removal 

of heptane yielded 1.63 g of crude product (oil). The crude product was dissolved in 

boiling EtOH (150 mL). After cooling down to room temperature, the solution was 

stored overnight in the fridge, and precipitation occurred. The solid was filtered and 

washed with ice-cold EtOH (50 mL) to obtain a white solid (1.01 g). The crude 

material was further purified with column chromatography (Grace Reveleris X2, 40g 

HP-Sil Buchi column, heptane-EtOAc, from 0% to 8% EtOAc in 20 CV). Column 

chromatography afforded 0.760 g of impure u3C55NPhth. The obtained compound 

was loaded in a Schlenk flask and a 33% ethanol solution of methylamine (6 mL) was 

added under an Ar atmosphere. The mixture was heated at 80ºC for 18 hours. The hot 

solution was allowed to cool down to room temperature and, after standing for 

several hours, crystallization occurred. The precipitate was filtered off with suction, 

washed with EtOH (20 mL) and dried, affording a white solid (0.32 g). Purification 

with column chromatography (Grace Reveleris X2, 24g Buchi SiO2 column, 7:3 

CHCl3/EtOAc to remove the impurities; the addition of 5% iso-propylamine to the 

eluent mixture allowed the elution of the amine) afforded u3C55NH2 (0.267 g; 0.341 

mmol; 24% yield). 1H-NMR (CDCl3, 600 MHz) δ: 5.38-5.32 (m, 6H), 2.68 (t, J = 6 Hz, 

2H), 2.04-1.94 (m, 12H), 1.45-1.25 (m, 84H), 0.88 (t, J = 6 Hz, 3H). 13C-NMR (CDCl3, 

150 MHz) δ: 130.5, 130.5, 130.1, 130.0, 130.0, 42.4, 34.1, 32.8, 32.1, 29.9, 29.9, 29.8, 

29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.3, 27.4, 27.1, 22.9. FT-IR: 3351 (N-H), 

3003 (C=C-H), 2915 (C-H), 2846 (C-H). Maldi-TOF MS for C55H107N+H+: calculated Fw 

782.8476; found m/z = 782.88. Mp (DSC): two thermal transitions observed at 41.6 °C 

and 58.6 °C. Above 60 °C all the material is in the molten state.  

General procedure for the synthesis of unsaturated Cn-NDI-Cn. NDA (1 eq) and the 

desired unsaturated amine (2 eq) were suspended in a DMF:THF mixture (6 mL and 5 

mL, respectively) in a microwave vial. The suspension was sonicated for 5 minutes, 
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the vial was sealed and the mixture was heated at 75 ºC for 5 minutes, followed by 20 

minutes at 140 ºC. The mixture was cooled down and poured in 1M NaOH (200 mL) to 

induce precipitation. The solid was filtered by suction and dried. The crude material 

was purified with column chromatography (SiO2, heptane/CHCl3 from 0% to 100% 

CHCl3 in 5 CV) to afford the unsaturated Cn-NDI-Cn as white solids. 

u2C39-NDI-u2C39 (315 mg; 0.23 mmol; 78% yield) 1H-NMR (CDCl3, 600 MHz) δ: 8.75 (s, 

4H), 5.39-5.32 (m, 8H), 4.19 (t, J = 6 Hz, 4H), 2.07-1.95 (m, 16H), 1.75 (p, J = 6 Hz, 4H), 

1.46-1.42 (m, 8H), 1.33-1.25 (m, 104H), 0.88 (t, J = 6 Hz, 6H). 13C-NMR (CDCl3, 150 

MHz) δ: 163.0, 131.1, 130.9, 130.5, 130.5, 130.4, 130.1, 130.0, 130.0, 129.5, 126.9, 

126.8, 41.1, 32.8, 32.6, 32.1, 29.9, 29.9, 29.8, 29.8, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 

29.5, 29.4, 29.4, 29.3, 28.1, 28.1, 27.4, 27.4, 27.2, 26.9, 26.7, 22.9, 14.3. FT-IR: 3004 

(C=C-H), 2916 (C-H), 2849 (C-H), 1656 (C=O). Maldi-TOF MS for [C92H154N2O4
•]-: 

calculated 1351.19; found m/z = 1351.17. Mp (DSC): 68.4 °C. 

u2C44-NDI-u2C44 (313 mg; 0.21 mmol; 85% yield) 1H-NMR (CDCl3, 600 MHz) δ: 8.75 (s, 

4H), 5.38-5.31 (m, 8H), 4.19 (t, J = 6 Hz, 4H), 2.02-1.94 (m, 16H), 1.74 (p, J = 6 Hz, 4H), 

1.45-1.40 (m, 4H), 1.37-1.25 (m, 128H), 0.88 (t, J = 6 Hz, 6H). 13C-NMR (CDCl3, 150 

MHz) δ: 163.0, 131.1, 130.5, 130.5, 130.5, 130.1, 130.0, 130.0, 126.9, 126.8, 41.2, 32.8, 

32.1, 29.9, 29.9, 29.8, 29.8, 29.7, 29.7, 29.7, 29.5, 29.5, 29.4, 29.3, 28.2, 27.4, 27.3, 22.9, 

14.3. FT-IR: 3004 (C=C-H), 2916 (C-H), 2849 (C-H), 1655 (C=O). Maldi-TOF MS for 

[C102H174N2O4
•]-: calculated 1491.34; found m/z = 1491.32. Mp (DSC): 73.4 °C. 

u3C50-NDI-u3C50 (250 mg; 0.15 mmol; 80% yield) 1H-NMR (CDCl3, 00 MHz) δ: 8.76 (s, 

4H), 5.39-5.32 (m, 12H), 4.19 (t, J = 6 Hz, 4H), 2.07-1.94 (m, 24H), 1.75 (p, J = 6 Hz, 

4H), 1.47-1.42 (m, 8H), 1.33-1.25 (m, 132H), 0.88 (t, J = 6 Hz, 6H). 13C-NMR (CDCl3, 

150 MHz) δ: 163.0, 131.1, 130.9, 130.5, 130.5, 130.4, 130.1, 130.0, 129.5, 126.9, 126.8, 

41.1, 32.8, 32.1, 29.9, 29.9, 29.8, 29.8, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.5, 29.4, 29.4, 

29.4, 29.3, 28.2, 27.4, 27.4, 27.2, 26.9, 22.9, 14.3. FT-IR: 3005 (C=C-H), 2916 (C-H), 

2849 (C-H), 1655 (C=O). Maldi-TOF MS for [C114H194N2O4
•]- : calculated 1655.50; found 

m/z = 1655.52. Mp (DSC): 55.5 °C. 

u3C55-NDI-u3C55 (287 mg; 0.16 mmol; 75% yield) 1H-NMR (CDCl3, 600 MHz) δ: 8.75 (s, 

4H), 5.38-5.31 (m, 12H), 4.19 (t, J = 6 Hz, 4H), 2.02-1.94 (m, 24H), 1.74 (p, J = 6 Hz, 

4H), 1.45-1.40 (m, 4H), 1.36-1.25 (m, 156H), 0.88 (t, J = 6 Hz, 6H). 13C-NMR (CDCl3, 

150 MHz) δ: 163.0, 131.1, 130.5, 130.5, 130.5, 130.1, 130.0, 130.0, 126.9, 126.8, 41.2, 

32.8, 32.1, 29.9, 29.9, 29.8, 29.8, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.3, 28.3, 27.4, 27.3, 

22.9, 14.3. FT-IR: 3004 (C=C-H), 2916 (C-H), 2849 (C-H), 1656 (C=O). Maldi-TOF MS 

for [C124H214N2O4
•]-: calculated 1795.66; found m/z = 1795.66. Mp (DSC): 62.1 °C. 

General procedure for the synthesis of saturated Cn-NDI-Cn. The desired 

unsaturated Cn-NDI-Cn (1 eq) was weighed in a 5 mL round bottom flask and 

suspended in a 2:1 toluene/ethyl valerate mixture (3 mL). The solution was bubbled 

with N2, Pd/C (15 mg) was added, the reflux condenser was mounted and the flask 
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was sealed under N2. A H2 balloon was connected to the setup and the atmosphere 

saturated with H2. The mixture was heated at the appropriate temperature (see Table 

4B1) and stirred for 3 hours. The solvent was removed and the crude product was 

loaded on a Soxhlet cartridge. A Soxhlet extraction with the adequate solvent (see 

Table 4B1) was carried out overnight. The extracted solution was cooled down. Upon 

cooling a white solid precipitated. The precipitate was filtered, washed with pentane 

and dried under vacuum to afford saturated Cn-NDI-Cn as white solid. 

 

 

Table 4B1. Reaction conditions applied in the hydrogenation of u(2/3)Cn-NDI-u(2/3)Cn. 

Synthesized Compound 
Reaction 

temperature 
Solvent 

C39-NDI-C39 110 °C n-heptane 

C44-NDI-C44 110 °C n-heptane 

C50-NDI-C50 115 °C n-octane 

 

 

C39-NDI-C39: 2,7-dinonatriacontylbenzo[lmn][3,8]phenanthroline-1,3,6,8- 

(2H,7H)-tetraone  (100 mg; 0.07 mmol; 90% yield) 1H-NMR (Cl2CDCDCl2, 500 MHz, 

85 ºC) δ: 8.77 (s, 4H), 4.23 (t, J = 7 Hz, 4H), 1.81 (p, J = 8 Hz, 4H), 1.48-1.32 (m, 144H), 

0.94 (t, J = 7 Hz, 6H). 13C-NMR (Cl2CDCDCl2, 125 MHz, 85 ºC) δ: 162.6, 130.6, 126.6, 

40.9, 31.7, 29.5, 29.4, 29.4, 29.4, 29.3, 29.1, 29.1, 28.0, 27.0, 22.4, 13.8. 

FT-IR: 2917 (C-H), 2848 (C-H), 1656 (C=O). Mp (DSC): 132.4 °C. 

C44-NDI-C44: 2,7-ditetratetracontylbenzo[lmn][3,8]phenanthroline-1,3,6,8-(2H,-

7H)-tetraone (90 mg; 0.06 mmol; 92% yield) 1H-NMR (Cl2CDCDCl2, 500 MHz, 85 ºC) 

δ: 8.77 (s, 4H), 4.23 (t, J = 7 Hz, 4H), 1.81 (p, J = 7 Hz, 4H), 1.48-1.23 (m, 164H), 0.94 (t, 

J = 7 Hz, 6H). 13C-NMR (Cl2CDCDCl2, 125 MHz, 85 ºC) δ: 162.5, 130.6, 126.6, 40.9, 31.7, 

29.44, 29.4, 29.4, 29.3, 29.1, 29.1, 28.0, 27.0, 22.4, 13.8. FT-IR: 2916 (C-H), 2848 (C-H), 

1657 (C=O).Mp (DSC): 128.7 °C. 

C50-NDI-C50: 2,7-dipentacontylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-

tetraone (150 mg; 0.09 mmol; 87% yield) 1H-NMR (Cl2CDCDCl2, 500 MHz, 85 ºC) δ: 

8.77 (s, 4H), 4.23 (t, J = 7 Hz, 4H), 1.81 (p, J = 7 Hz, 4H), 1.48-1.32 (m, 188H), 0.94 (t, J = 

7 Hz, 6H). 13C-NMR (Cl2CDCDCl2, 125 MHz) δ: 162.5, 130.6, 126.6, 40.9, 31.7, 29.5, 

29.4, 29.4, 29.3, 291.1, 29.1, 28.0, 26.9, 22.4, 13.8. FT-IR: 2916 (C-H), 2848 (C-H), 1656 

(C=O). Mp (DSC): 131.7 °C. 
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Chapter 5 

Templated Alkoxy-Pyrene Adsorption within an 
Alkylated Naphthalenediimide Adlayer on 
Graphite 

 

 

 

 

To develop functional two-dimensional structures it is desirable to have access to many 
versatile building blocks for self-assembly at the liquid-solid interface. Here we report a 
new type of molecular template to adsorb small alkoxy-pyrene derivatives. The results in 
this chapter demonstrate that building blocks which could not be adsorbed on the bare 
graphite surface can be absorbed with our template in a remarkable zipper array. 

__________________________________________________________________________________________________ 

Part of this chapter will be submitted for publication as; Heideman, G. H.; Berrocal, J. 
A.; Meijer, E. W. and  Feringa, B. L. Templated alkoxy-pyrene adsorption within an 
alkylated naphthalenediimide adlayer on graphite. 
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5.1 Introduction 

Self-assembly is a powerful tool for the bottom-up fabrication of well-defined and 

long-range ordered two-dimensional (2D) architectures at surfaces.1 Nanostructures 

constructed from multiple building blocks add to the versatility of the adlayer in terms 

of both spatial arrangement  and function of the molecules. Precisely controlling the  

two-dimensional (2D) organization of functional molecules on surfaces is of great 

importance for the formation of functional supramolecular architectures.2 The designs 

of such architectures is limited to the use of building blocks which either have enough 

affinity with the underlying surface and/or strong interadsorbate interactions.3,4 New 

strategies must be developed to get access to a broader scope of building blocks. 

Several strategies for the fabrication of supramolecular multicomponent adsorbed 

systems at the liquid/solid interface have been reported including multiple host-guest 

strategies e.g. via the formation of porous networks5–10, core-shell systems11 or 

through a metal-ligand coordination on a porphyrin template.12 Where most 

multicomponent assemblies are based on host-guest interactions an alternative 

system was reported Zimmt et. al. where the four-component assembly was driven by 

complementary shapes and lengths of different alkadiyne side chains.13 An 

improvement to the field will be the fabrication of templates to facilitate the 

adsorption of new building blocks with insufficient affinity with the surface.  

 

Figure 5.1 Schematic representation of the template strategy for the adsorption of alkoxy-
pyrene derivatives on HOPG.  

Here we investigate the possibility of using an self-assembled monolayer of alkylated 

naphthalenediimide (NDI) on highly oriented pyrolytic graphite (HOPG) as adsorption 

template for alkoxy-pyrene derivatives (Figure 5.1). Exemplifying the necessity of this 

approach, any attempt to adsorb the alkoxy-pyrenes presented in Scheme 5.1 (except 

for 1-butoxypyrene) did not succeed under our experimental conditions. The use of 



 

71 

 

 

 

 Templated Alkoxy-Pyrene Adsorption within an Alkylated NDI Adlayer on Graphite 

NDI adlayers to trap these alkoxy-pyrene moieties was intuitively promising because 

of the electron-accepting nature of the NDI-cores and the electron-donating nature of 

the alkoxy-pyrenes.  

 

Scheme 5.1 Chemical structures of the used pyrene-derivatives, 1-methoxypyrene (PyrOMe), 
methyl 1-pyrenyl sulfide (PyrSMe), 1-ethoxypyrene (PyrOEt), 1-propoxypyrene (PyrOPr), 1-
butoxypyrene (PyrOBu) and the chemical structure of uC33-NDI-uC33  with an internal double 
bond between carbon 11 and 12 in both alkyl chains. The compounds were synthesized using 
reported procedures.14–20  

Alkylated NDI molecules have been proven to be good candidates for 2D surface 

engineering.21,22 The self-assembly of these molecules was previously investigated and 

showed the presence of lamellar structures at the solvent/HOPG interface for 

symmetrical NDIs functionalized with linear alkyl chains with a number of carbons 

≥18.21–23 Moreover, there was a paramount role for the internal double bond i.e. the 

long-range order increased by the insertion of an internal double bond in the alkyl 

chains. The uC33-NDI-uC33 molecules form robust adlayers with large domains (see 

Chapter 3) and are therefore our template of choice.21 Furthermore, in this chapter, 

we investigate the possible use of the uC33-NDI-uC33 template as surface-

infrastructure for third-generation molecular motors with alkoxy-pyrene linkers. We 

envision that the alkoxy-pyrene moieties can be used to anchor the molecular motor 

on the uC33-NDI-uC33 adlayer.                    

5.2 Results and discussion 

5.2.1 Alkoxy-pyrene adsorption 

By the use of a molecular template we envision to get access to a larger variety of 

adsorbates. The first molecule we attempted to adsorb via this molecular template 

was 1-methoxypyrene (PyrOMe), a small pyrene-derivative from which previous 

attempts to adsorb this compound at the bare n-octanoic acid/HOPG interface failed. 

Adlayers of uC33-NDI-uC33 molecules were prepared in the same way as reported in 

chapters 3 and 4.21,22 The solution of uC33-NDI-uC33 in 1-phenyloctane (0.4 mg/mL) 

was drop casted at 100 °C onto a freshly cleaved HOPG substrate. Prior to the 

deposition of the PyrOMe solution, the substrate with the uC33-NDI-uC33 adlayer was 

vigorously rinsed with n-octanoic acid to remove the excess of NDIs. It was confirmed 

by STM measurements that the adlayer was still intact after the rinsing step 

(Appendix 5A).  
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Upon deposition of PyrOMe in n-octanoic acid on top of the NDI-adlayer new 

protrusions appeared alongside the NDI cores in a zipper-like fashion (Figure 5.2a). 

This was not expected since we envisioned a stacked donor-acceptor complex.24 From 

the experimental observations we concluded the presence of a nucleation process. 

Isolated pyrenes were seldom observed, while domains with adsorbed pyrenes did 

grow over time (Appendix 5A). To investigate the adaptivity of the template, we 

substituted the oxygen atom in PyrOMe for a larger sulfur atom i.e. methyl 1-pyrenyl 

sulfide (PyrSMe). A similar assembly, as for PyrOMe, was observed after depositing a 

PyrSMe solution in n-octanoic acid on top of the uC33-NDI-uC33 adlayer (Figure 5.2b). 

This demonstrated that possible interactions were not affected and that the system is 

reproducible. It should be emphasized that both molecules, PyrOMe and PyrSMe 

could not be adsorbed on a bare HOPG surface while these compounds can now be 

trapped with the use of a molecular template (Figure 5.2a-b).    

 

Figure 5.2 STM topography images after the deposition of PyrOMe and PyrSMe, using different 
solvents, on top of the uC33-NDI-uC33 adlayer. a) Adsorption of PyrOMe within the uC33-NDI-
uC33 template in n-octanoic acid (25 nm × 25 nm, Vtip = 1 V, Iset = 50 pA). b) Adsorption of 
PyrSMe within the uC33-NDI-uC33 template in n-octanoic acid (35 nm × 35 nm, Vtip = 1 V, Iset = 
100 pA). c) Adsorption of PyrOMe within the uC33-NDI-uC33 template in 1-phenyloctane (35 
nm × 35 nm, Vtip = 1 V, Iset = 60 pA). d) Adsorption of PyrSMe within the uC33-NDI-uC33 
template in n-tetradecane (35 nm × 35 nm, Vtip = 1 V, Iset = 100 pA). 
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5.2.2 Influence of solvent molecules 

To get more insight in the working mechanism of this template we examined the 

possible influence of the solvent. Several studies have shown that solvent molecules 

can influence the 2D-assembly.25–28  By varying the solvent we change the solubilizing 

nature of the solvent and study if there is any co-adsorption of solvent molecules 

promoting the adsorption of the pyrene-derivatives. We investigated three different 

solvents; n-octanoic acid which can possibly co-adsorb on the surface via hydrogen-

bond interactions with either the NDI-core or the alkoxy-pyrene, 1-phenyloctane and 

n-tetradecane on the other hand would not be able to interact via hydrogen bonds. 

Furthermore, n-tetradecane is a rather large solvent molecule, it is therefore likely 

that if there is any co-adsorption of n-tetradecane it will be revealed by STM. PyrOMe 

and PyrSMe were dissolved in 1-phenyloctane and n-tetradecane, respectively, and 

deposited on the uC33-NDI-uC33 template after the template was rinsed with the 

respective solvent. Figure 5.2c-d shows that the adsorption behavior in 1-

phenyloctane and n-tetradecane is similar to that of the systems in n-octanoic acid 

(Figure 5.2a-b). We therefore conclude that the solvent molecules do not play a 

significant role in the adsorption of PyrOMe and PyrSMe. The high rigidity and 

reproducibility of this molecular NDI-template was demonstrated in three different 

solven 

5.2.3 Size dependence of alkoxy-pyrenes 

To extend the scope for this adsorption template we studied alkoxy-pyrenes with 

longer alkyl chains i.e. 1-ethoxypyrene (PyrOEt) and 1-propoxypyrene (PyrOPr). Like 

PyrOMe and PyrSMe, we could not adsorb PyrOEt and PyrOPr at the bare n-octanoic 

acid/HOPG interface under ambient conditions. Upon deposition of PyrOEt from n-

octanoic acid on top of the uC33-NDI-uC33 template, the same zipper-like adsorption 

pattern was visible in the STM images (Figure 5.3a) as was observed for PyrOMe and 

PyrSMe (Figure 5.2). 

Figure 5.3 STM topography images after the deposition of PyrOEt and PyrOPr on top of the 
uC33-NDI-uC33 adlayer in n-octanoic acid.  a) Adsorption of PyrOEt (25 nm × 25 nm, Vtip = 1 V, 
Iset = 10 pA). b) Adsorption of PyrOPr (25 nm × 25 nm, Vtip = 1.4 V, Iset = 15 pA).   
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The overall coverage of alkoxy-pyrene derivatives decreased upon increasing the alkyl 

chain length. The last compound we examined was 1-butoxypyrene (pyrOBu). 

PyrOBu could still be trapped on the surface via the NDI-template, however, the 

coverage was rather low. Increasing the concentration of the PyrOBu resulted in an 

adlayer entirely consisting of PyrOBu (Appendix 5B). This indicates that the pockets 

formed upon adsorption are of a distinct size or that the alkyl chain is interfering with 

the interaction of the pyrene with either the NDI-core or the internal double bond of 

the alkyl chain.  

5.2.4 NDI core separation 

To investigate why there is a limit in terms of alkyl chain length for the adsorption of 

alkoxy-pyrenes, we compared the assemblies of the adlayer with and without the 

presence of the pyrene-derivatives. Figure 5.4 shows two profile plots, one of the 

assembly after the adsorption of PyrSMe in n-octanoic acid on top of the NDI adlayer 

(top profile plot), and one plot of an area after the deposition but without adsorbed 

pyrenes near the NDI cores (bottom plot). The profile plots cover a length of 

approximately 42 nm and show that there are seven repetitive units in the first case 

and eight in the latter. Which illustrates, that upon adsorption of the pyrene-

derivatives, the lamellae have broadened.            

Figure 5.4 Profile plot over about 42 nm, showing seven columns after adsorption (top) and 
eight columns of NDI cores in the original (bottom) adlayer. This indicates that the pyrene 
molecules do take op more space. STM topography image of PyrSMe adsorption within the 
uC33-NDI-uC33 adlayer in n-octanoic acid (Vtip = 1 V, Iset = 50 pA). 
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Previously the unit cell of the uC33-NDI-uC33 at the 1-phenyloctane/HOPG interface 

was reported as a=5.27 ± 0.08 nm, b=0.94 ± 0.06 nm, γ=84.93 ± 1.80° (see Chapter 

3).21 After the depostion of PyrOMe on the uC33-NDI-uC33 adlayer, the unit cell 

changed substantially. The distance aPyrOMe (indicated in Figure 5.5) is estimated to be 

6.05±0.15 nm (average value for the assemblies in 1-phenyloctane and n-octanoic 

acid). The increased value of aPyrOMe compared to a, which represents the distance 

between the NDI-cores in two different columns, indicates that the adsorption of the 

pyrenes occurs next to the NDI-cores rather than on top. 

5.2.5 Adsorption motif 

The exact adsorption motif of the alkoxy-pyrene derivatives is not yet understood. 

High-resolution STM images confirmed the presence of the NDI’s alkyl-chains, it is 

therefore likely to assume that also the cores are still present in a similar assembly as 

in the original adlayer. Based on the experimental data we hypothesize that the 

alkoxy-pyrenes push the NDI-cores apart upon adsorption, creating small pockets of 

distinct size next to the NDI-cores within the adlayer. However, from the experimental 

data it was not possible to assign the exact position and orientation of the alkoxy-

pyrenes and the NDI’s. In Figure 5.5 we propose a schematic representation of the 

possible zig-zag assembly.  

 
Figure 5.1 Schematic representation of possible molecular model of PyrOMe molecules within 
the uC33-NDI-uC33 adlayer. Values aPyrOMe and bPyrOMe are measured to be 6.05±0.15 nm and 
1.84±0.22 nm, respectively. 

The sensitivity of the molecular template made from uC33-NDI-uC33 was illustrated 

when similar molecules were used to serve as a template. None of the following 

molecules,21,22 uC28-NDI-uC28, C33-NDI-C33, u2C44-NDI-u2C44 and u3C50-NDI-u3C50 (see 

Chapters 3 and 4) was able to significantly assist the adsorption of alkoxy-pyrene 

derivatives (Appendix 5B). The presence and the position of the internal double bond 

is presumable playing an important role which is not yet understood. 
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5.2.6 Third-generation molecular motor 

In the previous paragraphs we have demonstrated that PyrOMe can be adsorbed via 

the template of uC33-NDI-uC33 molecules. The exact binding motif of this system is not 

yet understood, however, the system is attractive for further applications. Our 

ambition is to create molecular surface-infrastructures to guide molecular motors 

along a trajectory. It was demonstrated that the uC33-NDI-uC33 molecules form robust 

and long-range ordered adlayers (Chapter 3) and that we can adsorb alkoxy-pyrene 

derivatives on top of this molecular infrastructure. Based on the these findings a third-

generation molecular motor was designed with two methoxypyrene linkers to be 

adsorbed on the molecular ‘high-way’ of uC33-NDI-uC33 molecules.  

Figure 5.2 Schematic representation of, a) the molecular high-way from uC33-NDI-uC33 
molecules, b) adsorbed alkoxy-pyrene molecules on top of the molecular high-way and c)  third-
generation molecular motor with alkoxy-pyrene linkers on top of the molecular high-way. This 
graphical abstract was illustrated by Mathijs Mabesoone.  

The target motor (Figure 5.7) has two distinct groups attached at the pseudo-

asymmetric carbon atom of the core i.e. phenyl and methyl, which makes the rotation 

of the motor unidirectional.29,30 At the other side of the core, a o-terphenyl bridge 

separates the two legs of the motor. The two legs with the alkoxy-pyrene linkers are 

connected to the bridge with a C5-chain. The alkyl chain induces some flexibility in the 

system which ideally induces a paddling motion of the motor. We envisioned that the 

linkers adsorb on both side of the NDI core and upon rotation one linker detached and 

will attach again at a new position.   

The molecular surface infrastructures of uC33-NDI-uC33 molecules were prepared in 

the same way as described before i.e. the solution of uC33-NDI-uC33 in 1-phenyloctane 

(0.4 mg/mL) was drop casted at 100 °C onto a freshly cleaved HOPG substrate. Prior 

to the deposition of the third-generation molecular motors with alkoxy-pyrene 

linkers, the substrate with the adlayer was vigorously rinsed with the solvent which 

was used to dissolve the motor. The first experiments were performed in 1-

phenyloctane, solutions of 7.7×10-4M or saturated solutions have been deposited on 

top of the adlayer at room temperature or at 150°C. In none of the cases molecular 

motors were observed on the surface. The second set of experiments was carried out 

in n-octanoic acid. Solutions of 4×10-5M and saturated solutions (approximately 8×10-
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5M) were deposited at the adlayer at room temperature or 150°. The subsequent STM 

measurements did likewise not reveal any adsorption of molecular motors on the 

surface. The molecular motor could also not be adsorbed using pre-mixed solutions 

(uC33-NDI-uC33/motor) or on bare HOPG.  

 

Figure 5.3 Third-generation molecular motor with alkoxy-pyrene linkers. a) Chemical structure 
of the target motor (synthesized by José Berrocal). Molecular model of the target motor b) sight 
view and c) top view.  

5.3 Conclusion 

In conclusion, we demonstrated that the uC33-NDI-uC33 adlayer can serve as a 

trapping template for the adsorption of small alkoxy-pyrene derivatives. These 

alkoxy-pyrenes i.e. PyrOMe, PyrSMe, PyrOEt and PyrOPr could not be adsorbed on a 

bare HOPG substrate, where they can be adsorbed if supported by an uC33-NDI-uC33 

template. We demonstrated that this strategy is reproducible and suitable for 

different alkoxy-pyrene derivatives in various solvents. This research allows for a 

larger variety of building blocks for surface assembly and paves the path towards 

engineering complex 2D-crystals. Furthermore, we investigated the possible use of 

this uC33-NDI-uC33 template for the adsorption of third-generation molecular motors 

with alkoxy-pyrene linkers. Unfortunately, it was, so far, not possible to adsorb the 

molecular motors on the uC33-NDI-uC33 adlayer.  

Acknowledgements 

José Berrocal and professor Bert Meijer are thankfully acknowledged for the fruitful 

collaboration on this project. José was responsible for the synthesis of uC33-NDI-uC33 

(see Chapter 3), C1-NDI-C1 and the third-generation molecular motor with pyrene 

linkers. Mathijs Mabesoone is greatly acknowledged for the illustrations (Figure 5.2).  

5.4 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 

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

(90/10, diameter 0.25 mm, Goodfellow). The solution of the template molecules was 

prepared by dissolving uC33-NDI-uC33 (0.4 mg/ml) in 1-phenyloctane (>98.0%, 
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purchased by TCI). The NDI solution was  heated to 100 °C and subsequently drop 

casted onto a freshly cleaved HOPG surface (ZYB grade, Bruker AFM probes). Next, the 

uC33-NDI-uC33 layer was vigorously rinsed with the solvent used in the pyrene 

adsorption experiments (1-phenyloctane, n-octanoic acid or n-tetradecane) and 

imaged with the STM before the deposition of the pyrene-derivatives. In order to 

perform the STM measurements it was required that the adsorbates were as pure as 

possible. PyrOMe (1.9×10-1 mbar at 130°C) and PyrOPr (4.0×10-2 mbar at 155°C) 

were purified by sublimation prior to the STM experiments. PyrOEt and PyrSMe were 

recrystallized from MeOH prior to the STM experiments.  PyrOBu was further purified 

by another flash column chromatography (pentane/DCM(0-10%) in order to obtain a 

white solid. The purified alkoxy-pyrene derivatives were dissolved in 1-phenyloctane 

(>98.0%, purchased by TCI), n-octanoic acid (>98.0%, purchased by TCI) or n-

tetradecane (>99.5%, purchased by TCI) and drop casted on top of uC33-NDI-uC33 at 

room temperature. All STM images were analyzed and processed using WSxM 5.0.31  

All bias values are given with respect to a grounded tip. 

General remarks synthesis: Chemicals were purchased from Sigma-Aldrich or TCI 

Europe. Column chromatography was performed on silica gel (SiO2) purchased from 

Merck (230-400 mesh) or on an auto column (Büchi Reveleris system with Büchi 

cartridges). Melting points (mp) were determined using a Büchi-B545 capillary 

melting point apparatus. The 1H and 13C NMR spectra were acquired on a Varian 

Mercury-Plus 400 MHz at 298K. 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). For 1H NMR the splitting parameters are designated as follows: s (singlet), d 

(doublet), t (triplet), m (multiplet) and br (broad). High resolution mass spectroscopy 

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

APCI ionization sources.  

1-methoxypyrene (PyrOMe): 1-hydroxypyrene (501 mg, 2.3 mmol) was added to a 

mixture of Na2CO3 (900 mg, 8.4 mmol) and MeI (540 mg, 3.8 mmol) in DMF (15 mL) 

under nitrogen atmosphere. The reaction mixture was heated to 60°C and stirred 

overnight. The mixture was diluted in ether (100 mL) after cooling to rt and washed 

with brine (2× 150 ml). The aqueous phases were combined and extracted with ether 

(150 mL). The organic layer was subsequently washed with brine and dried over 

MgSO4 prior to the evaporation of the solvent under reduced pressure. The residue 

was purified by flash column chromatography (pentane/DCM(0-20%) to yield 1-

methoxypyrene (475 mg, 2.0 mmol, 89% yield) as a white solid.  mp: 88-89°C. 1H NMR 

(400 MHz, CDCl3): δ (ppm) 8.46 (d, J = 9.2 Hz, 1H), 8.13 – 8.04 (m, 4H), 7.98 – 7.94 (m, 

2H), 7.89 (d, J = 8.9 Hz, 1H), 7.56 (d, J = 8.4 Hz, 1H), 4.18 (s, 3H).13C NMR (101 MHz, 

CDCl3): δ (ppm) 153.8, 131.9, 131.8, 127.4, 126.5, 126.2, 126.0, 125.6, 125.4, 125.1, 

125.1, 124.4, 124.3, 121.3, 120.4, 108.2, 56.3. HRMS (ESI+, m/z): Calcd for C17H13O 

[M+H+]: 233.0966, found: 233.0959. These results match with previously reported 

data on 1-methoxypyrene.14–17 
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1-ethoxypyrene (PyrOEt): 1-hydroxypyrene (500 mg, 2.3 mmol) was added to a 

mixture of Na2CO3 (600 mg, 5.6 mmol) and ethyl iodide (430 mg, 2.8 mmol) in DMF 

(15 ml) under nitrogen atmosphere. The reaction mixture was stirred at 60°C 

overnight. To push the reaction to full conversion, excess Na2CO3 (200 mg, 1.9 mmol) 

and ethyl iodide (978 mg, 6.3 mmol) was added and the reaction mixture was allowed 

to cool down to rt after 4 h. The mixture was dissolved in EtOAc (50 ml) and washed 

with H2O (50 mL). The organic layer was subsequently washed with H2O (50 ml) and 

brine (50 ml) and dried over MgSO4. The volatiles were removed in vacuo and the 

residue was recrystallized from MeOH* prior to purification by flash column 

chromatography (pentane/DCM(0-10%) yielding in an off white solid. The solid was 

recrystallized twice in MeOH and EtOH to yield a white solid (271 mg, 1.1 mmol, 49 

%). mp: 71 °C (lit. 72-73 °C).18 1H NMR (400 MHz, CDCl3): δ (ppm)  8.50 (d, J = 9.1 Hz, 

1H), 8.13 – 8.04 (m, 4H), 7.98– 7.94 (m, 2H), 7.89 (d, J = 8.9 Hz, 1H), 7.54 (d, J = 8.4 Hz, 

1H), 4.40 (q, J = 6.9 Hz, 2H), 1.64 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ (ppm) 

153.3, 131.9, 131.9, 127.4, 126.4, 126.2, 126.0, 125.6, 125.3, 125.1, 125.1, 124.3, 124.2, 

121.5, 120.6, 109.3, 77.5, 77.2, 76.8, 64.7, 15.2. HRMS (ESI+, m/z): Calcd for C18H15O 

[M+H+]: 247.1123, found: 247.1128.  

*Compound was pure by 1H NMR after the first recrystallization but was further 

purified for the use in the STM experiments. 

1-propoxypyrene (PyrOPr): 1-hydroxypyrene (507 mg, 2.3 mmol) was added to a 

mixture of Na2CO3 (728 mg, 6.8 mmol) and propyl iodide (590 mg, 3.4 mmol) in DMF 

(15 mL) under nitrogen atmosphere. The reaction mixture was stirred at 60°C 

overnight. To push the reaction to full conversion, excess of Na2CO3 (150 mg, 1.4 

mmol) and propyl iodide (100 mg, 0.6 mmol) was added and the reaction mixture was 

allowed to cool down to rt after 4 h. The mixture was diluted in ether (100 mL) and 

washed with half saturated brine (2× 150 ml). The combined aqueous phases were 

extracted with ether and the organic layer was washed one more time with brine. The 

organic layer was dried over MgSO4 before the volatiles were removed in vacuo. The 

residue was purified by flash column chromatography (pentane/DCM(0-20%) to yield 

1-propoxypyrene (469 mg, 1.8 mmol, 78% yield) as a white solid. mp: 81 °C (lit. 78-79 

°C).18 1H NMR (400 MHz, CDCl3): δ (ppm)8.51 (d, J = 9.2 Hz, 1H), 8.13 – 8.04 (m, 4H), 

7.98 – 7.95 (m, 2H), 7.89 (d, J = 9.0 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 4.29 (t, J = 6.4 Hz, 

2H), 2.05 (m, 2H), 1.22 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ (ppm) 153.4, 

131.9, 131.9, 127.4, 126.4, 126.2, 126.0, 125.6, 125.3, 125.1, 125.0, 124.3, 124.2, 121.4, 

120.6, 109.3, 70.6, 23.0, 11.0. HRMS (ESI+, m/z): Calcd for C19H17O [M+H+]: 261.1279, 

found: 261.1274. These results match with previously reported data on 1-

propoxypyrene.19  

1-butoxypyrene (PyrOBu): 1-hydroxypyrene (500 mg, 2.3 mmol) was added to a 

mixture of Na2CO3 (610 mg, 5.7 mmol) and 1-bromobutane (381 mg, 2.8 mmol) in 

DMF (75 ml) under nitrogen atmosphere. The reaction mixture was stirred at 60°C for 
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48 h. The mixture was diluted in ether and washed with H2O. The organic layer was 

washed with brine (2×) and dried over MgSO4. The volatiles were removed in vacuo 

and the residue was purified by flash column chromatography (pentane/EtOAc (0-

10%) to yield 1-butoxypyrene (440 mg, 1.6 mmol, 70% yield) as an off white solid. 

mp: 87-88 °C (lit. 87 °C).18 1H NMR (400 MHz, CDCl3): δ (ppm) 8.48 (d, J = 9.2 Hz, 1H), 

8.12-8.08 (m, 3H), 8.03 (d, J = 9.2 Hz, 1H), 7.97 – 7.93 (m, 2H), 7.88 (d, J = 8.9 Hz, 1H), 

7.55 (d, J = 8.4 Hz, 1H), 4.34 (t, J = 6.4 Hz, 2H), 2.05 – 1.97 (m, 2H), 1.73 – 1.63 (m, 2H), 

1.08 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ (ppm) 153.4, 131.9, 131.9, 127.4, 

126.4, 126.2, 126.0, 125.6, 125.3, 125.2, 125.0, 124.3, 124.2, 121.5, 120.6, 109.3, 68.84, 

31.8, 19.7, 14.1. HRMS (ESI+, m/z): Calcd for C20H19O [M+H+]: 275.1436, found: 

275.1430.  

methyl 1-pyrenyl sulfide (PyrSMe) A solution of 1-bromopyrene (500 mg, 2.3 

mmol) in dry THF (25 mL) was cooled down to -78°C. n-Buli (1  ml, 2.5 mmol, 2.5 M in 

hexane) was added to the solution. The solution was stirred for 30 min, then 

dimethyldisulfide (237 mg, 2.5 mmol) was added and the solution was stirred for 

other 15 min. The reaction mixture was allowed to warm up to rt, followed by 

quenching with 2 mL MeOH. The volatiles were removed in vacuo and the residue was 

dissolved in DCM (50 mL) and washed with brine (2× 50 mL). The organic layer was 

dried over MgSO4 and the volatiles were removed in vacuo. The residue was purified 

using flash column chromatography (pentane/DCM (0-20%) to yield methyl 1-pyrenyl 

sulfide (315 mg, 1.3 mmol, 55% yield) as an off white solid. mp: 73-74 °C. 1H NMR 

(400 MHz, CDCl3): δ (ppm) 8.56 (d, J = 9.2 Hz, 1H), 8.19 – 8.10 (m, 4H), 8.03 – 7.98 (m, 

4H), 2.71 (s, 3H). 13C NMR (101 MHz, CDCl3): δ (ppm) 133.2, 131.6, 131.1, 129.5, 129.4, 

127.7, 127.4, 127.0, 126.2, 125.4, 125.2, 125.1, 124.6, 123.8, 17.4. HRMS (ESI+, m/z): 

Calcd for C17H12S [M]+: 248.0660, found: 248.0651. Synthesis was adapted from 

literature. 20 

Characterization motor: 1H NMR (400 MHz, CHCl3): δ (ppm)  8.58 (d, J = 8.0 Hz, 2H), 

8.44 (d, J = 9.1 Hz, 2H), 8.25-8.15 (m, 3H), 8.12 – 8.04 (m, 7H), 8.00 (d, J = 9.2 Hz, 2H), 

7.97 – 7.90 (m, 4H), 7.86 (m, 2H), 7.80-7.55 (m, 7H), 7.50 (m, 3H), 7.40 (m, 2H), 7.23 

(m, 3H), 7.18 – 7.05 (m, 8H), 6.75 (d, J = 8.7 Hz, 4H), 4.31 (t, J = 6.3 Hz, 4H), 3.97 (t, J = 

6.3 Hz, 4H), 2.43 (s, 3H), 2.05 (p, J = 6.5 Hz, 4H), 1.88 (q, J = 6.9, 6.4 Hz, 4H), 1.77 (p, J = 

7.5, 6.9 Hz, 4H). HRMS; calcd for C96H73O4
+ [M + H]+ 1289.5503 found 1289.5471. 

Appendix 5A 

Additional data showing the time dependent adsorption studies of PyrOMe, PyrSMe 

and PyrOPr on the uC33-NDI-uC33 template. Figure 5A.1a shows that the adlayer is 

still intact after vigorously rinsing with 1-phenyloctane. The adsorption of PyrOMe in 

1-phenyloctane on the molecular template took place within 7 min after the 

deposition.  
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Figure 5A.1 STM topography images of PyrOMe adsorption experiments in 1-phenyloctane. a) 
uC33-NDI-uC33 template layer prior to the deposition of PyrOMe and after the rinsing step (Vtip 

= 1 V, Iset = 100 pA). b) Adsorbed PyrOMe (saturated solution 10× diluted) on the uC33-NDI-
uC33 layer at the 1-phenyloctane/HOPG interface. Showing a small island of bare NDI molecules 
in the bottom right corner (Vtip = 1 V, Iset = 50 pA). c) Adsorbed PyrOMe (saturated solution 10× 
diluted) on the uC33-NDI-uC33 layer at the 1-phenyloctane/HOPG interface. Showing islands of 
bare NDI molecules in the top right corner (Vtip = 1 V, Iset = 60 pA).  

Figure 5A.2 PyrSMe (8×10-3 M in n-tetradecane) adsorption on uC33-NDI-uC33 template 
followed over time. The time underneath the images corresponds to the time lapsed after the 
deposition of the PyrSMe deposition. The turquoise marker is placed on all the images on the 
same spot of the surface. More PyrSMe molecules were adsorbed over time in the area 
indicated by the orange box. Imaging parameters a-c) Vtip = 1 V, Iset = 100 pA and  d) Vtip = 1 V, 
Iset = 50 pA.  



   

Figure 5A.3 PyrOPr adsorption on uC33-NDI-uC33 template followed over time (solution: 
saturated solution in n-octanoic acid 2 to 3 times diluted). The time underneath the images 
corresponds to the time lapsed after the deposition of the PyrOPr deposition. a-d) Imaging 
parameters: 300  nm × 300 nm, Vtip = 0.8 V, Iset = 25 pA.   
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Appendix 5B 

Selectivity of the template  

The adsorption of small alkoxy-pyrene derivatives i.e. PyrOMe, PyrSMe and PyrOEt, 

could successfully be facilitated with the use of the uC33-NDI-uC33 template. However, 

the adsorption of larger molecules (for example PyrOPr), was more difficult i.e. less 

NDI molecules could be covered with PyrOPr molecules and it was difficult to resolve 

the structures due to the deteriorated resolution upon adsorption. We studied the 

adsorption behavior of several other molecules (Figure 5B.1 and Figure 5B.2) in order 

to get more insight in the limits of the uC33-NDI-uC33 template, including PyrOBu as 

described in the main text. The adsorption of PyrOBu via the molecular template was 

expected quite difficult,  only small island of trapped PyrOBu were observed (Figure 

5B.1a, designated areas). The fuzzy protrusions in Figure 5B.1b show, similar to 

PyrOPr, that it was difficult to resolve PyrOBu within the uC33-NDI-uC33 adlayer. 

 

Figure 5B.1 STM topography images after the adsorption of PyrOBu molecules. a-b) STM image 
after deposition of PyrOBu (6.5×10-2M in n-octanoic acid) on the uC33-NDI-uC33 template. 
Imaging parameters: a) 220 nm × 220 nm, Vtip = 1.4 V, Iset = 25 pA and b) 60  nm × 60 nm, Vtip = 
1.4 V, Iset = 25 pA. c) STM image after deposition of PyrOBu (1.6×10-1M in n-octanoic acid) on 
the uC33-NDI-uC33 template, showing perfectly resolved PyrOBu, which indicates that the NDIs 
were probably replaced by PyrOBu (30  nm × 30 nm, Vtip = 1.3 V, Iset = 15 pA). d) STM image 
after the deposition of PyrOBu (1.6×10-1M in n-octanoic acid) on bare HOPG, showing the same 
assembly as observed in image (c) (30  nm × 30 nm, Vtip = 1.0 V, Iset = 25 pA). 
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Figure 5B.2 STM topography images from adsorption experiments on the uC33-NDI-uC33 

template. Left) Small island of C1-NDI-C1 molecules (saturated solution in n-octanoic acid) 
within the uC33-NDI-uC33 adlayer (60  nm × 60 nm, Vtip = 1 V, Iset = 25 pA). Right) Images after 
the deposition of PyrOC9OPyr (9×10-4 M in n-octanoic acid) on top of the uC33-NDI-uC33 
adlayer, showing the possible replacement of the adlayer molecules by PyrOC9OPyr (25  nm × 
25 nm, Vtip = 1 V, Iset = 100 pA). Synthesis of PyrOC9OPyr courtesy of Andreas Rösch. 

Pyrenes with a 5-methoxypentanoate linker (PyrOC4COOC) could not be observed upon the 

deposition of a saturated solution in n-octanoic acid on the uC33-NDI-uC33 adlayer. Adsorption 

of C1-NDI-C124 via the template was difficult, only seldom small islands of the characteristic 

zipper-like structures were observed (Figure 5B.2, left image). Lastly we observed that the self-

assembly of PyrOC9OPyr on the HOPG surface (Figure 5B.2, right image) was so robust that 

these molecules probably have replaced the uC33-NDI-uC33 adlayer as previously observed for 

the PyrOBu molecules (Figure 5.B1c-d). Experiments with PyrOC9OPyr on bare HOPG 

supported this hypothesis since the same assembly was observed without the presence of uC33-

NDI-uC33 in the solution.  

Investigation of different templates 

Various experiments with different molecular adlayers were performed in order to get 

more insight in the working mechanism of the uC33-NDI-uC33 template. The molecules 

used for this adlayers varied in alkyl chain length, number of unsaturations in the 

alkyl chain and/or the position of the unsaturations in the chain. None of the 

investigated templates could facilitate the adsorption of PyrOMe and PyrSMe as 

efficient as uC33-NDI-uC33. The presence of an unsaturation in the alkyl chain seemed 

to be crucial for the adsorption of the alkoxy-pyrenes. However, the exact binding 

motif is not yet understood.  

All adlayers were prepared using reported procedures (0.4 mg/ml (ux)Cn-NDI-(ux)Cn 

in 1-phenyloctane deposited at 100 °C  (150 °C for n ≥ 50) on a bare HOPG substrate) 

and either PyrOMe in n-octanoic acid or PyrSMe in n-tetradecane were used to test 

the different templates. Only traces of adsorbed pyrenes could be observed on the 

u2C39-NDI-u2C39 and u3C50-NDI-u3C50 adlayers (Figure 5B.3), while no pyrene 

derivatives were observed on the u(C6-C7)C28-NDI-u(C6-C7)C28 (Figure 5B.3), u(C11-C12)C28-

NDI-u(C11-C12)C28, and C33-NDI-C33 adlayers. 
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Figure 5B.3 STM topography images after the adsorption experiments with PyrOMe in n-
octanoic acid on a) the u2C39-NDI-u2C39 adlayer  and b) on the u3C50-NDI-u3C50 adlayer showing 
small traces of adsorbed PyrOMe.  

Figure 5B.3 Adsorption experiments with PyrSMe (8×10-3 M in n-tetradecane) on the uC28-
NDI-uC28 (double bond between carbon 6 and 7) adlayer. The time underneath the images 
corresponds to the time lapsed after the deposition of the PyrSMe solution. There were no 
significant changes of the adlayer overtime and therefore no signs of PyrSMe adsorption. a) 200  
nm × 200 nm, Vtip = 1 V, Iset = 100 pA,  b) 500  nm × 500 nm, Vtip = 1 V, Iset = 100 pA,  c)  250  nm × 
250 nm, Vtip = 1 V, Iset = 100 pA.   
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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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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 



 

92 

 

 

Chapter 6 

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. 

 



 

105 

 

 

 Surface Assembled Molecular Motors with Pyridine Moieties 

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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Chapter 7 

Tailoring Third-Generation Molecular Motors 
for Surface Adsorption 

 

 

 

 

              

 

 

 

Here we studied the possiblily to adsorb alkylated third-generation molecular motors on 

a n-pentacontane modified HOPG surface. Preliminary results suggest of the possible 

adsorption of bis(alkylated) third-generation molecular motor on the adlayer. Further 

optimization of the molecular motor by the attachment of longer alkyl chains has to be 

executed to determine the reliability of this approach.  
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7.1 Introduction 

Third generation molecular motors are equipped with two rotor units which can 

rotate unidirectionally when powered by light.1,2 Although the behavior in solution of 

these molecules has recently been studied, integrating them into useful nanodevices 

represents a major challenge.3 Conceptually visualizing the two rotor units of the 

motor as wheels, this design would be a good candidate for unidirectional 

translational motion along the surface. The system would operate out of the Brownian 

regime with unidirectional rotary motion of these molecular motors happening on the 

surface. In such system, the challenge is to balance the interactions between the 

surface and the motors. The interactions need to be such that the motor can be 

adsorbed on the surface but that translational motion can be induced upon 

irradiation. Here we explore the use of alkylated third-generation molecular motors 

on a n-pentacontane-modified highly-oriented pyrolytic graphite (HOPG) surface.  

Long n-alkanes are well-known to form stable closed packed lamellar assemblies on 

graphite under ambient conditions.4–8 Besides the stability and the reproducibility of 

the fabrication of n-alkanes adlayers, the n-pentacontane adlayer already showed to 

be a good adsorption template for alkylated hexabenzocoronene (HBC) derivatives.9,10 

Several packing phases could be observed after physisorption of the HBC derivatives 

on top of the n-pentacontane template which differed from the packings observed on 

bare HOPG.  

7.2 Results and discussion 

7.2.1 n-Pentacontane adlayer 

Before the adsorption experiments with the third-generation molecular motors could 

be performed it was necessary to fabricate and study the adlayer first. The n-

pentacontane molecules spontaneously self-assemble in a lamellar fashion upon 

deposition from n-tetradecane on HOPG (Figure 7.1a-b). Misalignment of two periodic 

graphene sheets leads to the formation of a Moiré pattern,11,12 which was even visible 

after the deposition of the adsorbate molecules (Figure 7.1c). Monolayers could be 

formed using concentrations ranging from 10-6 to 10-3 M. However, low 

concentrations (10-5 to 10-6 M) led to co-adsorption of the solvent molecules. The 

formation of double layers (Figure 7.1d) was limited by rinsing the surface with the 

solvent prior to imaging.  
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Figure 7.1 STM topography images of n-pentacontane on HOPG. a) High-resolution image of n-
pentacontane lamella with overlaying model. b) Lamellae of n-pentacontane molecules. c) 
Lamellae of n-pentacontane molecules with underlying Moiré pattern. d) Lamellae of n-
pentacontane molecules. The bright planes correspond to double layered n-pentacontane areas.  

7.2.2 Third-generation molecular motors on n-pentacontane adlayer 

The earlier mentioned HBC molecules did adsorb in clusters on top of the n-

pentacontane template. In order to manipulate and study the motion of molecular 

motors, our aim is to get isolated adsorbed motors on the modified surface. 

Preliminary results of the adsorption of motor 4 (Scheme 7.1) on the n-pentacontane 

adlayer were reported.13 Adsorption experiments with motor 1 did not show any 

hints of adsorption of the compound. However, preliminary experiments, did give an 

indication of the adsorption of motor 2 and 4 on the n-pentacontane adlayer.13 In 

order to get more insight in this system, the bis(hexyl) motor 3 was synthesized and 

tested on the adlayer giving a negative result for the adsorption of this compound. 

Reproducing the experiments with the bisdodecyl motor 4 gave similar results to 

what previously reported.13 The motor seemed to adsorb on the n-pentacontane 

template (Figure 7.2a-b). The measured dimensions of protrusions observed during 

the measurements after the deposition of motor 4 on the n-pentacontane adlayer are 

given by short side 1.3±0.3nm and the long side 1.9±0.3 nm (data obtained from 22 

different protrusions). As a consequence of the shape depending of the tip on the 

apparent adsorbates, the shape and size of the protrusions are not conclusive. Motor 5 

was studied in order to get more insight in the possible adsorption of alkylated third-

generation molecular motors on the n-pentacontane template. Motor 5 contains a 

para-nitrophenoxy tag at the end of the alkyl chain which might increase the contrast 
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on the STM images and could thereby serve as a recognition tag. Previous work 

indicated that an analogue of motor 5 i.e. motor 2 (see scheme 7.1) occasionally 

adsorbed on the surface but also desorbed readily back in the solution.13 A longer 

alkyl chain would hopefully increase the interaction with the surface. It has to be 

mentioned that the alkyl chains tend to back fold on the core of the motor, which 

might change the contrast on the STM images. In Figure 7.2c-d are two STM images 

shown with bright protrusions which might correspond to the adsorption of motor 5 

in different configurations on the n-pentacontane adlayer.  

 

 

Scheme 7.1 Chemical structures of all the third-generation molecular motors used in 
adsorption experiments on the n-pentacontane adlayer. Motor 1, 2 and 4 were already 
described in previous reported work.13                         

 

 

Figure 7.2 STM topography images of n-pentacontane adlayer after the deposition of a-b) 
motor 4 and c-d) motor 5. a) Potential appearance of motor 4 on HOPG. b) a) Potential 
appearance of three different molecular motors adsorbed at the junction between two different 
lamellae. c) Two protrusions which might correspond to the adsorption of motor 5. d) Two 
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protrusions which might correspond to the adsorption of motor. The difference in shape for 
protrusions from c and d might arise from the ability of the tail to back fold on the core of the 
motor. e) Schematic representation of motor 4 with estimated dimensions (optimized structure 
from Chem3D).    

7.2.3 Synthesis third-generation molecular motors with long alkyl tails 

Only occasionally bright protrusions were observed on the STM images after the 

deposition of motors 4 and 5. Therefore, irradiation- or concentration-dependent 

studies to establish the presence of the motors on the surface were not feasible. To 

explore the potential of the n-pentacontane template to adsorb third-generation 

molecular motors via the van der Waals interactions between the alkyl tail and the 

adlayer we envisioned a new design with longer alkyl chains to enhance the possible 

interactions. Scheme 7.2 shows the two synthesis routes tried to obtain motor 6, with 

two C18-alkyl chains. The first route, following the general strategy to synthesize 

third-generation molecular motors1,2 was unsuccessful. The two alkyl chains in 

bisthioketone 2 induced too much steric hindrance in the Barton-Kellogg coupling 

with 9-diazofluorene, instead, only the mono-coupled product 3 was formed (Scheme 

7.2).  

 

 

Scheme 7.2 Retrosynthesis for the third-generation molecular motors with two C18-alkyl 
chains. Route 1 was not viable due to steric hindrance in the Barton-Kellogg coupling. Route 2 is 
probably feasible but is not profitable.13   

 
Therefore, the synthesis of motor 6 was attempted via an alternative synthetic route 

(Scheme 7.3). Hydrazone 4 was obtained in a small amount and would need more 

purification steps followed by an oxidation to the diazo before it could undergo the 
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Barton-Kellogg coupling. Taking into account that motor 4 was synthesized according 

to a similar procedure13 and finally obtained in a very low yield over these last steps, it 

seemed to be worthwhile to modify our design. Therefore, we substituted one of the 

long alkyl chains for a less bulky methyl group. We envisioned that this change in 

design would not induce much difference in terms of affinity with the n-pentacontane 

modified substrate, since only one of the C18-chains was expected to adsorb on the 

surface.   

 
 
 

 

Scheme 7.3 General synthesis scheme for alkylated third generation molecular motors.  

 

In the first step, the mono-substituted indandione was formed after a double 

condensation of dimethyl phthalate and pentan-3-one in the presence of sodium 

hydride.14 The alkyl chain was installed by performing an alkylation reaction with 1-

iodooctadecane. The possible O-alkylation was suppressed by the use of phase 

transfer reagents tetrabutylammonium bromide (TBAB) and Aliquat 336 and by the 

addition of potassium fluoride immobilized on Celite.2 The alkylated bisketone 2 was 

then converted in the bisthioketone 3 using phosphorous pentasulfide and 

Lawesson’s reagent. After a fast flash column the indanedithione was immediately 

submitted to a double Barton-Kellogg coupling with 9-diazofluorene to afford the 

third-generation methyl/octadecyl substituted molecular motor 7. The barrier for the 

thermal helix inversion at room temperature is expected to be too low to observe the 

metastable isomers by UV/vis spectroscopy or NMR.2 To substantiate this hypothesis; 
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the calculated lifetime of the metastable isomer of motor 1 is determined to be 2 ns at 

-60 °C.15 The characteristic thermal helix inversion of a third generation molecular 

motor (double thermal helix inversion) can be visualized by performing 1H NMR 

coalescence experiments. The protons close to the core have a different chemical shift 

depending on the position of the tail i.e. in between the rotors or outside the rotors 

(Figure 7.3).  

 

 

      

Figure 7.3 Temperature dependent 1H NMR spectra showing coalescence of protons A and B at 
elevated temperatures.  
 

7.2.4 Molecular motors with long alkyl tails on n-pentacontane adlayer 

To complement the previous study, several experiments were performed to 

examinate the possibility to adsorb motor 7 on the n-pentacontane adlayer. These 

attempts include a broad range of varieties in the experimental conditions. Several 

solvents were screened to minimize the solvent-motor interaction and, hopefully, 

favor the motor-surface interaction. Motor 7 was dissolved in n-tetradecane, 1-

phenyloctane, n-octanoic acid or decamethyltetrasiloxane in concentrations ranging 

from 2 × 10-3M to saturated solutions. These solutions were deposited on the n-

pentacontane adlayer at temperatures ranging from room temperature to 150 °C, 

after the adlayer was vigorously rinsed with the relevant solvent. Furthermore, 

experiments with premixed n-pentacontane/motor 7 solutions were performed 

instead of the usual subsequential deposition procedure. None of these attempts did 

lead to a reliable system of a controlled amount of adsorbed motors on the surface. 

Perhaps the landing is an explanation of the lack of adsorbed motors on the surface. 

With two alkyl chains, as in motor 4, it does not matter how the motor lands on the 

surface. However, motor 7 requires a ‘correct’ landing of the motor on the surface, 

with the long alkyl chain pointing towards the adlayer.  
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7.3 Conclusion 

In summary, we successfully synthesized a third-generation molecular motor with a 

C18-tail (motor 7) for the adsorption on n-pentacontane modified HOPG. Adsorption 

experiments were performed on freshly fabricated n-pentacontane adlayers. 

However, it is not evident that this motor is suitable for surface adsorption under 

ambient conditions on the n-pentacontane adlayer. 

7.4 Outlook 

To establish if it is possible to adsorb third-generation molecular motors on the 

surface using van der Waals interactions between the n-pentacontane adlayer and the 

alkyl chains of the molecular motor a new design of the motor is required. Here, we 

propose a third-generation molecular motor with two alkyl chains at the phenyl ring 

of the motors’ core.  

 

Scheme 7.4 Retrosynthesis of new type of third-generation molecular motors functionalized at 
the back of the core. Synthesis route design by courtesy of José Berrocal.  

Compared to the previous designs (motor 1-7) this motor contains two alkyl chains in 

the same plane parallel to the core. Therefore, this system can potentially bind to the 

surface with two linkers at the same time. Furthermore, using the same synthetic 

strategy (iterative Wittig olefination (see Scheme 3.2 and 4.2)) as used for the long-

alkyl chains in Chapters 3 and 4, we might have access to larger alkyl chains which 

would potentially lead to stronger motor-substrate interactions.   

7.5 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-

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

(90/10, diameter 0.25 mm, Goodfellow). The adlayer was made by dissolving the n-

pentacontane (≥ 98%, purchased by TCI) molecules in n-tetradecane (≥ 99.5%, 

purchased by TCI)  in concentrations ranging from 10-6 to 10-3 M. Next, the solutions 

heated (to 80°C or 100°C) or drop casted at room temperature on a freshly cleaved 

HOPG surface (ZYB grade, Bruker AFM probes). The sample reclined for at least 30 

min to allow the n-pentacontane molecules to form a well-organized monolayer 

before the sample was vigorously rinsed by the solvent used in the adsorption 
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experiments to remove excessive n-pentacontane molecules. The n-pentacontane 

layer was imaged by the STM prior to the deposition of the solutions with motor 3-7 

(with concentrations ranging from 10-5 M to saturated solutions). The solutions with 

the motor molecules were deposited at room temperature on top of the n-

pentacontane adlayer. Besides solutions with n-tetradecane, also experiments in 1-

phenyloctane (>98.0%, purchased by TCI) or n-octanoic acid (>98.0%, purchased by 

TCI) were performed with motor 7. During scanning the STM tip was immerged into 

the solution. STM images were analyzed and processed using WSxM 5.0.16 All bias 

values were given with respect to a grounded tip.  

General remarks synthesis: Chemicals were purchased from Sigma-Aldrich or TCI 

Europe. Column chromatography was performed on silica gel (SiO2) purchased from 

Merck (230-400 mesh) or on an auto column (Büchi Reveleris system with Büchi 

cartridges). Melting points (mp) were determined using a Büchi-B545 capillary 

melting point apparatus. The 1H and 13C NMR spectra were acquired on a Varian 

Mercury-Plus 400 MHz at 298K. 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). For 1H NMR  the splitting parameters are designated as follows: s (singlet), d 

(doublet), t (triplet), m (multiplet) and br (broad). High resolution mass spectroscopy 

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

APCI ionization sources.  

Compound 1: 2-methyl-1H-indene-1,3(2H)-dione.  A solution of pentan-3-one (20.5 g, 

238 mmol) and dimethyl phthalate (50.0 g, 257 mmol) in toluene (100 ml) was added 

to a suspension of sodium hydride on oil (10.0 g, 60 wt%, 250 mmol) in toluene (100 

ml) under nitrogen atmosphere. The resulted mixture was heated at reflux overnight. 

The mixture was filtered and the residue was washed with toluene. The red solid was 

dried in vacuo and dissolved in water. The aqueous solution was acidified with aq. HCl 

(37-38%). The yellowish mixture was filtered and the residue was washed with water 

and dried in vacuo to give the pure product as a yellow solid. (26.5 g, 166 mmol,  

64%); Mp: 80-81°C; 1H NMR (400 MHz, CDCl3): δ (ppm) 7.97 (dd, J = 5.7, 3.1 Hz, 2H), 

7.85 (dd, J = 5.7, 3.1 Hz, 2H), 3.04 (q, J = 7.7 Hz, 1H), 1.40 (d, J = 7.7 Hz, 3H); 13C NMR 

(101 MHz, CDCl3): δ (ppm) 201.2, 142.1, 135.8, 123.4, 48.9, 10.6; HRMS; calcd for 

C10H9O2
+ [M + H]+ 161.0603 found 161.0597 

Compound 2: 2-methyl-2-octadecyl-1H-indene-1,3(2H)-dione. Under an atmosphere of 

nitrogen acetonitrile (50 ml) was added to a mixture of compound 1 (0.80 g, 5.00 

mmol), potassium carbonate (1.95 g, 6.00 mmol), N-methyl-N,N,N-trioctyloctan-1-

amonium chloride (0.2 ml, 0.45 mmol), potassium fluoride  (0.08 g, 0.45 mmol) and 1-

iodooctadecane (2.0 g, 5.5 mmol). The mixture was heated at reflux overnight. The 

mixture was cooled down to room temperature and the solvent was evaporated under 

reduced pressure.  The residue was partitioned between diethyl ether (100 mL) and 

water (100 mL). The organic layer was separated, washed with 1 M aq.  NaOH (100 
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ml), 1 M aq. HCl (20 mL), sat.  NaHCO3 (20 ml), water (20 ml), brine (20 mL) and dried 

over MgSO4. The volatiles were evaporated under reduced pressure while the residue 

was adsorbed on celite and purified by column chromatography on silica gel (gradient 

pentane/CH2Cl2; 0 – 40%) yielding the product as a yellow solid (1.7 g, 82%); Mp. 61-

62 °C; 1H NMR (400 MHz, CDCl3): δ (ppm) 7.95 (dd, J = 5.7, 3.1 Hz, 2H), 7.82 (dd, J = 

5.7, 3.1 Hz, 2H), 1.77 (m, 2H), 1.29 – 1.09 (m, 33H), 1.00 (m, 2H), 0.88 – 0.79 (t, 

3H);13C-NMR (101 MHz, CDCl3): δ (ppm) 204.9, 141.5, 135.8, 123.4, 54.2, 35.9, 32.0, 

30.1, 29.8, 29.8,  29.8, 29.8, 29.8 , 29.7, 29.6, 29.6, 29.5, 29.3, 25.2, 22.8, 19.9, 14.2; 

HRMS: calcd for C28H45O2
+ [M + H]+ 413.3420 found: 413.3414 

Compound 3: 2,2-dioctadecyl-1H-indene-1,3(2H)-dithione. Under an atmosphere of 

nitrogen, a solution of compound 2 (1.0 g, 2.4 mmol), P4S10 (4.3 g, 9.7 mmol, 4 eq) and 

Lawesson’s reagent (3.9 g, 9.7 mmol, 4 eq) in dry toluene (30 mL) was heated at reflux 

until full conversion as monitored by TLC (22 h). The mixture was filtered over celite 

and the volatiles were evaporated under reduced pressure. The blue oil was dissolved 

in a small amount of pentane and purified by column chromatography on silica gel 

(gradient pentane/DCM; 0-10%) yielding the product as a blue oil (0.77 g, 1.73 mmol, 

72%). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 – 7.98 (m, 2H), 7.82 – 7.73 (m, 2H), 

2.12 – 2.07 (m, 2H), 1.43 (s, 3H), 1.32 – 1.05 (m, 30H), 0.88 (t, J = 6.8 Hz, 3H), 0.74 (m, 

2H).13C-NMR (101 MHz, CDCl3): δ (ppm) 246.8, 146.7, 135.4, 129.2, 128.4, 125.4, 

123.4, 74.5, 42.0, 32.1, 29.9, 29.9, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 29.2, 28.3, 

24.3, 22.9, 14.3. 

 

Motor 7: 9,9'-(2-methyl-2-octadecyl-1H-indene-1,3(2H)-diylidene)bis(9H -fluorene). A 

solution of compound 3 (765 mg, 1.7 mmol) in 25 mL dry toluene was heated to 70 °C 

under nitrogen atmosphere. A solution of 9-diazofluorene (2.0 g, 10.4 mmol, 6 eq.) in 

20 mL dry toluene was added over 2 h. The mixture was stirred and heated for 

another 3 h. Then 220 µL HMPT was added and the mixture was stirred at rt 

overnight. The solvent was removed in vacuo and the crude product was purified 

three times by column chromatography (SiO2, pentane: CH2Cl2 gradient from pure 

pentane to 50% CH2Cl2) to provide motor 7 as an orange solid (645 mg, 0.91 mmol, 

54%). Mp. 71 °C; 1H NMR (500 MHz, CDCl3, 25 °C): δ (ppm) 8.42 (d, J = 8.1 Hz, 2H), 

8.23 – 8.05 (m, 4H), 7.82-7.78 (m, 2H), 7.75 (d, J = 7.7 Hz, 2H), 7.40-7.33 (m, 4H), 7.31-

7.26 (m, 2H), 7.23-7.18 (m, 2H), 7.13 (m, 2H), 2.90-2.78 (m, 2H), 2.23 (s, 3H), 1.25 (m, 

28H), 0.88 (t, J = 7.4 Hz, 3H), 0.80 (s, 2H), 0.70-0.40 (m, 2H). 13C-NMR (101 MHz, 

CDCl3): δ (ppm) 140.9, 139.8, 139.1, 137.5, 132.3, 129.5, 128.9, 127.7, 127.4, 127.0, 

126.4, 126.2, 124.3, 119.8, 119.4, 32.1, 29.9, 29.8, 29.8, 29.8, 29.6, 29.5, 22.9, 14.3. 

HRMS: calcd for C54H60 [M]+ 708.4695 found 708.4687. 
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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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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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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 
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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.    
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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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 Abbreviations and Acronyms 

Abbreviations and Acronyms 

1-po    1-phenyloctane 

2D    two-dimensional 

3D    three-dimensional 

Aliquat 336   N-Methyl-N,N,N-trioctylammonium chloride 

Boc    tert-butyloxycarbonyl 

DCM   dichloromethane 

DMSO    dimethylsulfoxide 

E    entgegen, denotes relative configuration 

e.g.    exempli gratia (for example) 

eq    equivalent 

ESI    electronspray ionization 

et al.    et alia (and others) 

HMPT    hexamethylphosphanetriamine 

HOPG    highly oriented pyrolytic graphite 

HRMS   high resolution mass spectroscopy 

i.e.    id est (in other words) 

Lawesson’s   2,4-bis(4-methoxyfenyl)-1,3-dithia-2,4-difosfetaan-2,4-disulfide 

mp    melting point 

NDA   naphthalene dianhydride 

NDI    naphthalene diimide 

NMR   nuclear magnetic resonance  

oa    n-octanoic acid 

pc    n-pentacontane 
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Abbreviations and Acronyms 

Phth    phthalimide 

rt    room temperature 

SPM   Scanning Probe Microscopy 

STM    Scanning Tunneling Microscope or Scanning Tunneling Microscopy 

TBAB    tetra-n-butylammonium bromide 

TFA    trifluoroacetic acid 

THI    thermal helix inversion 

td    n-tetradecane 

Ts    toluenesulfonyl 

Z    zusammen, denotes relative configuration 
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 Modificatie van Grafietoppervlakken voor de Adsorptie van Moleculaire Motoren 

Nederlandse Samenvatting 

Het controleren van de verplaatsing van moleculaire machines is door de 

aanwezigheid van de Browniaanse beweging op de moleculaire schaal een grote 

uitdaging. Hoewel de rotatie van de moleculaire motoren beschreven in dit 

proefschrift unidirectioneel zijn, is de verplaatsing in een oplosmiddel willekeurig. 

Door moleculaire machines op een oppervlak te immobiliseren is het mogelijk om de 

verplaatsing te controleren. De afgelopen jaren zijn verschillende wetenschappers 

erin geslaagd om moleculaire machines (met en zonder geïncorporeerde moleculaire 

motoren) te immobiliseren en in enkele gevallen ook te verplaatsen op een oppervlak. 

In hoofdstuk 1 wordt het belangrijkste onderzoek aan moleculaire machines op 

oppervlakken beschreven en wordt er verder ingegaan op de overwegingen die zijn 

gemaakt tijdens het ontwerpen van nanovoertuigen. Een significant deel van dit 

onderzoek is uitgevoerd in een ultrahoogvacuüm (UHV) en bij lage temperaturen. 

Echter, het werken in UHV vereist dure vacuümsystemen en het aanpassen van 

experimentele condities kost veel tijd.  Ook is het gebruik van UHV een beperking voor 

toekomstige toepassingen. Het zou daarom een grote vooruitgang zijn om 

nanovoertuigen buiten de UHV-systemen op het oppervlak te immobiliseren en 

vervolgens gecontroleerd te laten bewegen.  

In dit proefschrift worden verschillende strategieën beschreven om moleculaire 

motoren op een gemodificeerd grafietoppervlak te adsorberen onder 

standaardomstandigheden, dat wil zeggen op kamertemperatuur en onder 

atmosferische druk. Deze grafietoppervlakken zijn bestudeerd met een 

rastermicroscoop (Scanning Tunneling Microscope (STM)). Hoofdstuk 2 beschrijft het 

werkingsprincipe van de STM en de bereiding van de gemodificeerde oppervlakken.  

Hoofdstukken 3 en 4 richten zich op de zelf-assemblage van gealkyleerde 

naphthalenediimides (NDI) met verzadigde (Cn-NDI-Cn) en onverzadigde (uCn-NDI-

uCn) alkylketens op grafiet met als doel om infrastructuren te creëren voor de 

moleculaire motoren. De naphthalenediimes vormen robuuste monolagen op het 1-

fenyloctaan/grafiet interface. Interessant genoeg bleek een dubbele C-C binding in de 

lange alkylstaarten voor grotere domeinen op het grafietoppervlak te zorgen. Dit 

duidt op een groot potentieel voor het gebruik van dubbele C-C bindingen als 

functionele groepen om controle te bewerkstelligen over de tweedimensionale zelf-

assemblage op oppervlakken.  

In Hoofdstuk 5 is onderzocht of de infrastructuren gefabriceerd in de vorige 

hoofdstukken geschikt zijn voor de adsorptie van moleculaire motoren. Voordat er 

een nieuwe motor ontworpen kon worden is er onderzocht met welke functionele 

groep de motor op het gemodificeerd grafiet zou kunnen adsorberen. De elektron 

donerende alkoxy-pyrenen waren geselecteerd omdat ze potentie hadden om aan de 

elektron accepterende uC33-NDI-uC33 moleculen te binden. Hoewel de alkoxy-pyrenen 
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inderdaad op het gemodificeerd grafiet adsorbeerden, waren de resultaten anders dan 

aanvankelijk werd verwacht. Er werd namelijk een zig-zag structuur gevormd doordat 

de alkoxy-pyrenen niet op, maar naast de NDI-eenheden adsorbeerden. Vervolgens 

zijn er moleculaire motoren ontworpen met twee alkoxy-pyreen eenheden als linkers. 

Hoewel het niet mogelijk was om deze moleculaire motor onder de gebruikte 

experimentele condities op het gemodificeerd grafiet te adsorberen, leiden deze 

resultaten wel naar een nieuwe strategie om kleine moleculen op het oppervlak te 

adsorberen met behulp van een moleculair sjabloon van NDI’s. De adsorptie van deze 

kleine pyreen-derivaten was namelijk niet mogelijk zonder de uC33-NDI-uC33-hulplaag. 

 

Hoofdstuk 6 beschrijft de adsorptie van tweede-generatie moleculaire motoren met 

pyridine groepen op het grafietoppervlak. Hiervoor is een hulplaag van 5-

(octadecyloxy)isoftaalzuur (ISA-O-C18) op het grafiet geassembleerd om daar de 

motoren aan te binden. De alkylketens zorgen ervoor dat ISA-O-C18 in lamellen op het 

grafiet adsorbeert en de carbonzuurgroepen binden via een niet-covalente interactie 

aan de pyridine-delen van de moleculaire motor. Dit is de eerste keer dat moleculaire 

motoren met behulp van een monolaag van gealkyleerde isoftaalzuren op het 

grafietoppervlak werden geadsorbeerd onder standaardomstandigheden.  

 

In hoofdstuk 7 is het grafietoppervlak gemodificeerd met n-pentacontaan. Uit 

inleidend onderzoek naar de adsorptie van derde-generatie moleculaire motoren is 

gebleken dat het misschien mogelijk is om motoren met lange alkylstaarten (C12) op 

de pentacontaanlaag te adsorberen. Om de Van der Waals interacties te vergroten is 

er in dit hoofdstuk een nieuwe moleculaire motor gesynthetiseerd met een C18-staart 

en een methyl groep aan het pseudo-asymmetrische koolstofatoom. Helaas geven de 

resultaten beschreven in dit hoofdstuk geen uitsluitsel over de mogelijkheid om 

moleculaire motoren op pentacontaan gemodificeerd grafiet te adsorberen via Van 

der Waals interacties.  

Hoofdstuk 8 beschrijft een strategie om moleculaire motors te incorporeren in de zelf-

geassembleerde monolaag. Het ontwerp bestaat uit een moleculaire motor met aan 

weerszijden een alkylketen met ureagroepen. De Van der Waals interacties tussen de 

ketens en de sterke waterstofbinding tussen de ureagroepen zorgen ervoor dat deze 

moleculen in stabiele banden, zogenoemde bis(urea)tapes, assembleren op het 

grafietoppervlak. Op deze manier zijn de motoren met grote precisie op het oppervlak 

gerangschikt. Door gebruik te maken van ondersteunende-moleculen konden de 

motoren op zodanige afstand van elkaar worden geplaatst, dat er meer ruimte 

ontstaat voor de rotatiebeweging. Deze methode biedt veel potentie om ook andere 

functionele groepen met grote mate van controle over de positie op het oppervlak te 

rangschikken.  
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Populair-Wetenschappelijke Samenvatting 

Door o.a. de ontwikkeling van moleculaire motoren zijn chemici erin geslaagd om 

beweging op de nanoschaal te controleren. De moleculaire motor die centraal staat in 

dit proefschrift is gebaseerd op een sterisch gehinderd alkeen en bestaat slechts uit 

koolstof- en waterstofatomen. Dit molecuul heeft een centrale dubbele koolstof-

koolstofbinding, tussen de boven- en onderkant, waar omheen vrije rotatie niet 

mogelijk is. Echter, wanneer er energie wordt toegevoegd, bijvoorbeeld doormiddel 

van bestraling met UV-licht, kunnen de twee helften draaien ten opzichte van elkaar. 

De stereochemie van deze motoren zorgt ervoor dat de motoren in een enkele richting 

roteren. Nu gelden er voor deze kleine motoren, van ongeveer een nanometer groot, 

andere natuurwetten. Hierdoor is ondanks de ‘unidirectionele rotatie’ van de motor 

de netto verplaatsing willekeuring, omdat deze roterende beweging wordt overheerst 

door Browniaanse bewegingen, de aaneenschakeling van toevallige verplaatsingen 

veroorzaakt door botsingen tussen de moleculen. Door moleculaire motoren te 

immobiliseren op een oppervlak is het mogelijk om meer controle te krijgen over de 

verplaatsing. De interactie tussen de moleculaire motor en het oppervlak moet sterk 

genoeg zijn om het molecuul op het oppervlak te houden, maar het mag niet te sterk 

zijn. Het motor moet immers nog voort te stuwen zijn.   

Wetenschappers zijn er al in geslaagd om verschillende moleculaire motoren en 

nanovoertuigen te immobiliseren en soms ook voor te stuwen op een oppervlak. In 

hoofdstuk 1 wordt het belangrijkste werk over nano-voertuigen op oppervlakken 

beschreven en wordt er verder ingegaan op de belangrijkste overwegingen die zijn 

gemaakt tijdens het ontwerpen van deze nanovoertuigen. Echter, deze baanbrekende 

resultaten zijn vrijwel allemaal tot stand gekomen in een ultrahoogvacuüm (een 

materievrije ruimte zonder druk) en op lage temperaturen (vaak rond de -270 °C). Het 

controleren van de adsorptie van nanovoertuigen onder standaard- omstandigheden 

(kamertemperatuur en atmosferische druk) zal een grote vooruitgang zijn in dit 

onderzoeksveld. Er zijn zo geen dure vacuümsystemen nodig en veel experimentele 

condities kunnen ter plekke worden geoptimaliseerd zodat er sneller nieuwe 

ontwikkelingen in dit onderzoeksveld tot stand worden gebracht. Het grote nadeel 

van het werken op kamertemperatuur bij een atmosferische druk is dat onder deze 

omstandigheden de Browniaanse bewegingen en de hoge diffusiesnelheden van de 

motor de overhand hebben. Ook is de zwaartekracht op de nanoschaal 

verwaarloosbaar waardoor de moleculen niet zomaar op een oppervlak adsorberen. 

Om ervoor te zorgen dat de rotatiebewegingen van de motor gebruikt kunnen worden 

onder standaardomstandigheden om een traject af te leggen is het van belang dat er 

nieuwe strategieën worden ontwikkeld om deze moleculen op het oppervlak te 

adsorberen. De eerste stappen naar het adsorberen en het manipuleren van 

moleculaire motoren op grafiet onder standaardomstandigheden worden in dit 

proefschrift beschreven.  
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De moleculaire motoren zijn ongeveer 1 nanometer groot wat ongeveer 80.000 keer 

kleiner is dan de dikte van een haar. Het is dus onmogelijk om de motoren te zien met 

een normale microscoop. Daarom wordt er een elektronenmicroscoop, een zogeheten 

rastermicroscoop (Scanning Tunneling Microscope (STM)), gebruikt om de 

moleculaire motoren en grafietoppervlakken te bestuderen. Deze microscoop heeft 

een dunne naald die vlak boven het oppervlak met de geadsorbeerde moleculen wordt 

geplaatst. Als deze naald dicht genoeg bij het oppervlak is gaat er een hele kleine 

stroom lopen (een stroom van elektronen). Als de stroom verandert wordt de positie 

van de naald aangepast, deze aanpassingen worden geregistreerd door de computer 

en vertaald naar een twee- of driedimensionale afbeelding. Hoofdstuk 2 beschrijft de 

theorie die achter deze techniek schuilgaat en hoe de grafietoppervlakken 

geprepareerd worden.      

In hoofdstukken 3 en 4 wordt de fabricatie van een mogelijke ‘moleculaire snelweg’ 

beschreven. De moleculen, naphthalenediimides, met lange alkylketens die hiervoor 

gebruikt worden bevatten een aromatisch structuur dat in een latere fase aan 

gemodificeerde moleculaire motoren zou kunnen binden. Deze beoogde snelwegen 

zijn met succes gefabriceerd en er is bestudeerd met welke van deze moleculen de 

meest georganiseerde en robuuste infrastructuur kan worden gevormd. Interessant 

genoeg bleek een dubbele koolstof-koolstof binding in de lange alkylketens te zorgen 

voor een betere organisatie van de moleculen op het grafiet oppervlak. We hebben 

hiermee laten zien dat een simpele dubbele koolstof-koolstofbinding in de toekomst 

zal kunnen fungeren als een interessante functionele groep in verschillende 

onderzoeken naar tweedimensionale zelf-assemblages op oppervlakken.  

 

Figuur 1 Hoofdstukken 3, 4 en 5 in een notendop. Deze schematische afbeelding laat de 
strategie zien die in deze hoofdstukken is gebruikt om moleculaire motoren op het oppervlak te 
binden. Eerst zijn er nanowegen gemaakt en bestudeerd (links). Vervolgens zijn er 
experimenten gedaan met een molecuul dat op deze wegen geadsorbeerd kon worden 
(midden), waarna er een motor ontworpen is met dit molecuul als anker (rechts).   

Of deze nieuwe infrastructuren ook daadwerkelijk geschikt zijn voor de adsorptie van 

moleculaire motoren werd onderzocht in hoofdstuk 5. Voordat er een nieuwe motor 

werd ontworpen, voor op de nanoweg, werd er gezocht naar een geschikt ‘anker’, een 

klein molecuul dat op de snelweg zou kunnen binden zodat er later een motor aan 
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vast gemaakt kon worden. De alkoxy-pyrenen waren geschikte ankers doordat deze 

moleculen adsorbeerden op de nanoweg. Het bijzondere aan de adsorptie van deze 

kleine pyreen-derivaten was dat het niet mogelijk was om deze moleculen zonder de 

moleculaire snelweg op het oppervlak te krijgen. Deze resultaten leiden dus naar een 

nieuwe strategie om kleine moleculen op het oppervlak te adsorberen. Na deze veel 

belovende experimenten met de pyreen-derivaten hebben we een nieuwe moleculaire 

motor ontworpen met twee staarten met pyreen moleculen eraan vast. Helaas was het 

niet mogelijk om deze motor op de moleculaire snelweg te krijgen.  

In hoofdstuk 6 wordt een andere strategie beschreven om moleculaire motoren op het 

oppervlak te krijgen. Er wordt opnieuw gebruik gemaakt van een hulplaag van 

geadsorbeerde moleculen op het grafiet om daar de motoren aan te binden. Deze 

hulplaag bestaat uit zelf-geassembleerde moleculen met zuurgroepen (isoftaalzuur) 

en lange alkylketens. De alkylketens zorgen ervoor dat de moleculen op het grafiet 

adsorberen in lamellen en de zuurgroepen kunnen binden aan de moleculaire 

motoren die gefunctionaliseerd zijn met pyridine-groepen. Deze strategie bleek heel 

goed te werken en zo zijn er voor het eerst moleculaire motoren met behulp van een 

monolaag van gealkyleerde isoftaalzuren op het oppervlak geadsorbeerd onder 

standaardomstandigheden.  

De afgelopen jaren is er inleidend onderzoek gedaan naar de adsorptie van derde-

generatie moleculaire motoren op grafiet. In dit onderzoek werd gebruik gemaakt van 

een hulplaag van pentacontaan moleculen om daarop moleculaire motoren met twee 

alkylketens (van 12 koolstofatomen) te binden via van der Waals interacties. In 

hoofdstuk 7 wordt er voortgeborduurd op dit onderzoek. Er is een nieuwe motor 

ontworpen en gesynthetiseerd met één lange alkylketen (van 18 koolstofatomen) om 

dit systeem te verbeteren. Helaas is het niet gelukt om een betrouwbaar systeem te 

ontwikkelen en zijn er wellicht nieuwe experimenten nodig met andere motoren met 

meer en nog langere alkylketens om zo de interactie tussen de motor en de monolaag 

te versterken.  

In hoofdstuk 8 wordt beschreven hoe het mogelijk is om ‘nanotapes’ te maken en op 

deze manier motoren heel precies op het oppervlak te rangschikken. Deze tapes 

bestaan uit eenheden met ureagroepen, alkylketens en moleculaire motoren. De 

verschillende eenheden hebben een aantrekkende interactie met elkaar en met het 

grafietoppervlak waardoor er robuuste tweedimensionale banden gevormd kunnen 

worden (moleculaire tapes). Deze strategie bleek heel succesvol. Deze methode biedt 

daarom veel potentie om ook andere functionele groepen met veel controle en 

precisie op het oppervlak te rangschikken.  
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