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Chapter 3 
 
The Paramount Role of Internal Double Bonds 
in Discrete long Alkylated Naphthalenediimides 
Surface-Infrastructures. 

 

 

 

 

 

 

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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Chapter 3 

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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 Discrete long Alkylated Naphthalenediimides Surface-Infrastructures 

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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Chapter 3 

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). 
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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 
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(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.  

 



 

43 

 

 

 

 Discrete long Alkylated Naphthalenediimides Surface-Infrastructures 

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 
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(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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