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ABSTRACT:  

Controlled covalent functionalization of graphitic surfaces with molecular scale precision is crucial 

for tailored modulation of the chemical and physical properties of carbon materials. We herein present 

that porous self-assembled molecular networks (SAMNs) act as nanometer scale template for the 

covalent electrochemical functionalization of graphite using an aryldiazonium salt. Hexagonally 

aligned achiral grafted species with lateral periodicity of 2.3, 2.7, and 3.0 nm were achieved utilizing 

SAMNs having different pore-to-pore distances. The unit cell vectors of the grafted pattern match 

those of the SAMN. After the covalent grafting, the template SAMNs can be removed by simple 

washing with a common organic solvent. We briefly discuss the mechanism of the observed pattern 

transfer. The unit cell vectors of the grafted pattern align along non-symmetry axes of graphite, 

leading to mirror-image grafted domains, in accordance with the domain-specific chirality of the 

template. In case a homochiral building block is used for SAMN formation, one of the 2D mirror 

image grafted patterns is cancelled. This is the first example of a nearly crystalline one-sided or 

supratopic covalent chemical functionalization. In addition, the positional control imposed by the 

SAMN renders the functionalized surface (homo)chiral reaching a novel level of control for the 

functionalization of carbon surfaces, including surface-supported graphene. 
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INTRODUCTION 

Controlling surfaces’ chemical and physical properties by covalent modification has attracted 

intense interest in view of applications in molecular electronics,1–3 supercapacitors and batteries,4,5 

sensors,6 surface patterning7 and inks.8 While most covalent surface modification strategies do not 

render spatial control on the nanoscale, the development of surface functionalization methods to 

nanopattern with molecular level precision is highly desirable.9–11 Such is very challenging as 

covalent surface functionalization often relies on high energy reagents or harsh reaction conditions 

that produce rather ill-defined nanoscale surface structures,12–16 though for some selected systems 

atomic precision was achieved.17,18 Aryldiazonium chemistry is amongst the most popular ones to 

covalently functionalize a variety of surfaces,19,20 particularly carbon surfaces.21 Homolytic 

dediazotization via (electro)chemical reduction of the aryldiazonium ions generates aryl radicals that 

attack nearby to form covalent bonds with the surface (Figure 1a).22 This approach has been employed 

to introduce various chemical functionalities on surfaces, while the functional groups of aryl 

diazonium salts affect the grafting density as well as thickness of the resulting film.23–26 

Organizational control, yet at the (sub)micrometer scale, of this aryldiazonium covalent chemistry on 

carbon surfaces is known using polystyrene bead templates,27,28 microfluidic flow systems,29 and 

lithographic stamps.30,31 Recently, an approach based on the formation of nanobubbles that act as 

masks was reported.32 Toward spatial control at the molecular scale, an interesting approach 

involving the preassembly of reactive aryldiazonium precursors is reported.33 

We recently introduced a unique approach for the template-guided one-dimensional (1D) 

covalent functionalization of graphite or graphene using aryldiazonium chemistry.34 High-density 

self-assembled molecular networks (SAMNs) of long alkanes, e.g. triacontane, tetracontane, and 

pentacontane, effectively acted as removable templates to produce surfaces with parallel rows of 

grafted molecules, only few nanometers wide. The average distance between parallel grafted rows is 

dictated by the length of the alkane molecules. Such linearized grafting using high-density SAMN 

templates might actually be a rather special case of the scope that SAMN templates offer to guide 
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covalent grafting. Selection of relevant SAMN templates is made possible thanks to the accumulated 

knowledge of two-dimensional (2D) molecular self-assembly at liquid/solid interfaces.35,36 In this 

respect, the development of other covalent pattern symmetries is definitely a relevant research goal. 

In particular, porous molecular networks are of special interest for two reasons.37–39 The first reason 

is a conceptual one. In contrast to the high-density alkane SAMNs, their intrinsic porosity should 

facilitate the templated grafting, namely in the supramolecular pores. In this respect, the seminal work 

of Buck and co-workers using porous self-assembled molecular networks on gold, though as template 

for the area-selective surface modification by self-assembling thiolates, supports the concept.40 It 

should be noted though that in this case no covalent grafting was involved. The second reason is that 

it is known that several of these porous self-assembled networks form lattices with a distinct 

handedness on graphite and graphene.41,42 The use of such template monolayer for covalent grafting 

may lead to (homo)chiral surfaces, with potential for optical, electronical, sensing, and catalytic 

applications.43,44 

Herein we present the formation of covalently functionalized graphite surfaces of hexagonal 

symmetry with grafted molecules in different periodicities using self-assembled porous networks as 

the templating masks (Figure 1b). As templates, we chose porous molecular networks formed by 

alkoxy-substituted dehydrobenzo[12]annulene (DBA) derivatives (DBA-OCns) at the 

liquid/graphite interface (Figure 1c).45–47 These molecules produce honeycomb type porous structures 

through van der Waals interactions of the interdigitated alkyl chains (Figures 1c). The pore diameter, 

and also pore-to-pore distance can be tuned just by changing the alkyl chain length.45,46 Moreover, 

the DBA honeycomb networks show a clear handedness by virtue of combination of specific (point 

group) molecular chirality and the arrangement of their interdigitated alkyl chains (i.e. organizational 

or supramolecular chirality, Figure 2).41 Furthermore, and also of more relevance for this study, is the 

handedness in the lateral orientation of the DBA SAMNs with respect to the graphite lattice, as 

expressed by the orientation of their unit cells vectors with respect to the unit cell vectors or symmetry 

axes of the graphite lattice.48  
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As an aryl radical source, 3,4,5-trimethoxybenzenediazonium (TMeOD) chloride was chosen 

because the corresponding aryl radical attacks the graphite surface with a very high grafting density 

(Figure 1a).21,26 During electrochemical (EC) treatment, a phase separated solution double layer was 

employed to ensure formation of extended domains of the DBA networks.34 Patterning periodicities 

of the covalently bound molecular units could be controlled to 2.3, 2.7, and 3.0 nm using SAMNs 

with different pore-to-pore distances formed by DBA-OCns (i.e. DBA-OC4, DBAO-C6, and DBA-

OC8). Pattern transfer fidelity and plausible mechanism are also discussed. Moreover, the unit cell 

vectors of the pattern formed by the pore centers of the template layer, and therefore also of the 

grafted molecules lie along non-symmetry axes of the substrate underneath. Using a chiral DBA 

derivative (cDBA-OC6-OC6(S)), which in contrast to the achiral DBA-OCns forms a template layer 

of single handedness (Figure 1d), renders the one-sided or supratopic functionalized carbon surface 

homochiral (vide infra).49 
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Figure 1. (a) Covalent surface functionalization of a graphite surface using an aryldiazonium TMeOD 

ion having three methoxy groups at 3,4,5-positions. (b) Schematic drawing of the porous template-

guided hexagonal grafting. (c) Chemical structure of achiral DBA-OCn and schematic drawing of 

the porous template-guided hexagonal grafting on top of a honeycomb graphene/graphite lattice.  

Blue arrows are the main symmetry axes of graphene/graphite, while the light green ones represent 

their normals. The purple triangles represent the DBA cores, while the faint lines connected to them 

are the alkyl chains. The alkyl chains of adjacent DBA molecules are interdigitated. Blue rhombi are 



 7 

the unit cells of the supramolecular template networks and those for the grafted species (assuming 

grafting in the center of the pores). The supramolecular template network belongs to plane group p6 

and is therefore chiral, giving rise to mirror-image counter-clockwise (CCW, left) and clockwise (CW, 

right) patterns.50 The resulting pattern of the grafted molecules (red dots) is achiral (plane group p6m). 

Nevertheless, the angle between the SAMN unit cell vectors (blue rhombi) and the directions normal 

to the main symmetry axes of graphite (indicated in light green) is non-zero. This off-set renders the 

one-sided or supratopic functionalized surface locally chiral. (d) Chemical structure of cDBA-

OC6(S)-OC6 and schematic drawing of the porous template-guided hexagonal grafting using cDBA-

OC6(S)-OC6 which forms supramolecular template layers of unique handedness, rendering the 

supratopic functionalized surface globally chiral. For clarity, in (c) and (d), the unit cell vectors of 

the SAMN and grafted pattern, and the graphite lattice are not to scale. 

  

 

Figure 2. Models of self-assembled molecular networks of different handedness (plane group p6),50 

called counter-clockwise (CCW, left) and clockwise (CW, right) as defined by the orientation of the 

inner alkoxy chains in the pore, formed by DBAOC6 on the topmost graphene layer of a graphite 

substrate. The blue arrows and light green lines represent the main symmetry axes of graphite, and 

the directions normal to those.   

  



 8 

RESULTS AND DISCUSSION  

Porous Self-Assembled Monolayers Formed by DBA-OCns (n = 4, 6, and 8) 

To investigate the optimal conditions for the porous template network formation, self-

assembling behavior of DBA-OCns (n = 4, 6, and 8) at the 1-phenyloctane/graphite interface was 

observed by means of scanning tunneling microscopy (STM). Molecular modeling shows that the 

pore sizes of the DBA honeycomb structures are slightly too small for DBA-OC4, optimal for DBA-

OC6, and slightly too large for DBA-OC8, to accommodate one trimethoxyphenyl group (Figure S1). 

1-Phenyloctane was chosen as the solvent because it is suitable as an interfacial masking layer thanks 

to its non-polar, non-volatile properties alongside its inert chemical behavior under the experimental 

conditions. The concentration of the DBA solutions is kept low (5.0 × 10−5 M for DBA-OC4, 2.0 × 

10−5 M for DBA-OC6, and 6.0 × 10−6 M for DBA-OC8) to ensure the formation of the low-density 

porous honeycomb structure.46,47 After adding the relevant solution (30 µL) to a liquid cell placed on 

the basal plane of a 1 cm × 1 cm piece of highly oriented pyrolytic graphite, the sample was annealed 

at 80 °C for 1 h in a sealed oven to enlarge the size of the DBA-OCn 2D monolayer crystals. All 

STM images were recorded at the 1-phenyloctane/graphite interface at room temperature. 

Figure 3 display STM images of SAMNs formed by DBA-OC6. In the STM images, bright 

features correspond to the triangular π-conjugated cores of the DBAs, darker parts connecting the 

DBA cores are composed of the four interdigitated alkyl chains,51 revealing the formation of 

honeycomb structures. The alkyl chains of the DBAs lie parallel to the main symmetry axes of the 

underlying graphite surface. The typical domain sizes are over 200 nm × 200 nm. Unit cell parameters 

are a = b = 3.2 ± 0.1 nm and γ = 60 ± 1° for DBA-OC6 (Table S1). The shortest pore-to-pore distance 

(diagonal lines of the unit cell) is 2.8 ± 0.1 nm. For these achiral DBAs, both mirror-image CW and 

CCW honeycomb domains appear with equal probability (Figures 3b and c). Angles α between the 

unit cell vector and the normals of graphite are 6.3 ± 0.7° and –6.3 ± 0.7° for the CW and CCW 

structures, respectively.48,52 Similarly, the other DBAs also form extended domains of chiral 

honeycomb structures at the 1-phenyloctane/graphite interface (Figures S2 and S3). Unit cell 
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parameters are a = b = 2.8 ± 0.1 nm and γ = 60 ± 1° and a = b = 3.6 ± 0.1 nm and γ = 60 ± 1°, and the 

shortest pore-to-pore distances are 2.4 ± 0.1 nm and 3.2 ± 0.1 nm, for DBAOC4 and DBAOC8, 

respectively. The angles α are ±8.8 ± 0.7° for the structures of DBA-OC4 and ±5.9 ± 0.7° for the 

structures of DBA-OC8, respectively. 

To model the network structures, molecular mechanics (MM) simulations of the DBA 

networks with COMPASS force field are performed, by employing unit cell parameters as periodic 

boundary conditions, on a two-layer sheet of graphene (interlayer distance is 0.335 nm) which 

represents graphite. Optimized network models are displayed in Figure S4. From these model 

structures, we estimated the pore sizes based on the averaged interatomic distances between the 

carbon atoms at the end of the alkoxy chains located at the rim of the hexagonal pores. Following this 

procedure, the pore diameter is 1.2 nm for DBA-OC4, 1.6 nm for DBA-OC6, and 2.0 nm for DBA-

OC8, respectively (Table S1).  

 

   

Figure 3. STM images of SAMNs of DBA-OC6 at the 1-phenyloctane/graphite interface (Vbias = 

−0.55 V, Iset = 30 pA). (a) Large area image showing an extended domain covering the whole image. 

(b) Small area image of the CW structure (Vbias = −0.60 V, Iset = 100 pA). (c) Small area image of the 

CCW structure (Vbias = −0.33 V, Iset = 50 pA). White arrows and light green lines are main symmetry 

axes of the graphite substrate underneath, and the in-plane directions normal to those, respectively. 

Turquoise rhombi in the images (b) and (c) are unit cells. Angles α are between one of the unit cell 
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vectors and the closest normal. Clockwise or counter-clockwise rotation of the unit cell vectors to the 

normal are expressed by + or – signs of the angle α, respectively.    

 

Templated Grafting at Double Layer Conditions 

 First, chemical functionalization of the graphite surface through EC reduction of TMeOD in 

phase separated solution double layer conditions, i.e., in the presence of a thin organic solvent layer 

between the graphite working electrode and the aqueous electrolyte, was checked without the 

templating mask. As an interfacial layer, 1-phenyloctane (30 µL) was used. After the addition of an 

aqueous TMeOD solution onto the 1-phenyloctane layer, EC reduction was carried out in a cyclic 

voltammogram (CV) mode (a single cycle from +0.20 to –0.25 V, vs. Ag/AgCl, 0.1 V/s). A large 

irreversible reduction peak appeared at –0.15 V (Figure 4a), which agrees with the reduction potential 

of the TMeOD ion without the interfacial layer.26 After the EC functionalization, the graphite surface 

was subjected to spectroscopic characterization using Raman spectroscopy with excitation laser 

wavelength of 532 nm (Figure 4b). The appearance of the graphite defect band (D-peak) at 1350 cm–

1 confirms surface covalent bond formation.53 A ratiometric intensity comparison of the D-peak to 

the G-peak appearing at 1580 cm–1 yields an ID/IG value that is representative of the degree of the 

covalent grafting. The ID/IG value of this sample is 0.074 ± 0.001. Local structural analysis of the 

functionalized graphite surface by means of STM at the 1-phenyloctane/graphite interface revealed 

that there are numerous bright features that are assigned to individual trimethoxyphenyl molecular 

units (Figure 4c).25,26 A two-dimensional Fast Fourier Transform (2D-FFT) image (Figure 4c: inset) 

only shows a large dim bright round feature, confirming positionally non-controlled grafting. 

Electrochemistry, Raman spectroscopy and STM observation support that covalent grafting of 

TMeOD takes places through the interfacial 1-phenyloctane layer. 
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Figure 4. (a) Cyclic voltammogram during EC grafting of graphite using TMeOD under solution 

double layer conditions (a single cycle from +0.20 to –0.25 V, vs. Ag/AgCl, 0.1 V/sec). 1-

Phenyloctane was used as the organic solvent layer. (b) Raman spectrum after drying the surface. 

Excitation laser wavelength is 532 nm. Mean ID/IG is 0.074 ± 0.001. (c) STM image of the 

functionalized graphite surface recorded at the 1-phenyloctane/graphite interface (Vbias = −0.80 V, Iset 

= 30 pA). The inset is the corresponding 2D-FFT image, showing no periodicity of the bright features. 

(d) Digital zoom of the image (c).  
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Table 1. Summary of the Reduction Potentials of TMeOD Ion in the Cyclic Voltammograms 

(CV), Mean ID/IG Calculated by Raman Spectra of the Functionalized Surface, and the Pore-

to-Pore Distances Determined from Two-Dimensional Fast Fourier Transform (2D-FFT) of the 

STM Images of the Template Molecules and Grafted Species at the 1-Phenyloctane/Graphite 

Interface. 

template molecule 

reduction 

potential (V) a 

in CV 

ID/IG determined 

by Raman 

spectroscopy 

pore-to-pore 

distance of the 

template 

network  

periodicity 

grafted molecular 

speciesb 

none (bare HOPG) −0.16  0.067 ± 0.002 none none 

none (with 1-

phenyloctane) 
−0.15  0.074 ± 0.001 none none 

DBA-OC4 −0.16  0.050 ± 0.003 2.4 ± 0.1 nm 2.3 ± 0.1 nm 

DBA-OC6 −0.15  0.059 ± 0.005 2.8 ± 0.1 nm 2.7 ± 0.1 nm 

DBA-OC8 −0.16  0.058 ± 0.002 3.1 ± 0.1 nm 3.0 ± 0.1 nm 

a Peak current potentials (Epcs, vs. Ag/AgCl). b To detect the grafted molecular species, only the bright 

spots with an apparent height higher than 150 pm in the STM images are analyzed. Darker parts 

including the DBA cores (less than 100 pm in height) are excluded in this FFT analysis (Figure S12). 

 

 Next, nanopatterned covalent grafting was attempted under phase separated solution double 

layer conditions using a solution of DBA-OCn in 1-phenyloctane (30 µL) as an interfacial solvent 

layer. The DBA-OCn template layers were formed under the conditions described above, followed 

by the EC treatment to generate the aryl radicals. 

  In the case of DBA-OC8 as template molecule, a large irreversible wave at –0.16 V was 

recorded in CV (Figure 5a). The reduction peak potential is comparable to that without the template 

molecules. Raman spectroscopic characterization confirms the appearance of the D-peak at 1350 cm–
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1 and ID/IG value is 0.058 ± 0.002, indicating covalent bond formation (Figure 5b). The ID/IG value is 

slightly smaller compared to the conditions without the template molecule (0.074). Evidence for the 

templating effects comes from the STM images. Individual trimethoxyphenyl units are observed as 

bright features arranged in a hexagonal manner (Figure 5c). A 2D-FFT of the STM image clearly 

shows the hexagonal periodicity of trimethoxyphenyl molecular units with a mean periodicity of 3.0 

± 0.1 nm (Figure 5c: inset). This value matches the pore-to-pore distance of the DBA-OC8 molecular 

network (3.1 ± 0.1 nm, Table 1). Sometimes, both the covalently attached trimethoxyphenyl units 

and adsorbed DBA molecules could be visualized at the same time (Figure 5d). Template-guided 

grafting was also observed using a solution of DBA-OC6 (2.0 × 10–5 M) in 1-phenyloctane as a buffer 

layer (Figures S5 and S6). In this case, the hexagonal periodicity determined by 2D-FFT becomes 

2.7 ± 0.1 nm, which also agrees with the pore-to-pore distance of DBA-OC6 molecular network (2.8 

± 0.1 nm). Using a solution of DBA-OC4 in 1-phenyloctane (5.0 × 10–5 M) as a buffer layer, only 

weak hexagonal periodicity of 2.3 ± 0.1 nm was observed in the STM images and 2D-FFT analysis 

(Figures S7 and S8). The guiding effect by the DBA-OC4 network is therefore limited, which is 

attributed to the too small pore size formed by DBA-OC4 (vide supra). 
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Figure 5. (a) Cyclic voltammogram during EC grafting of graphite using TMeOD in the presence of 

a solution of DBA-OC8 in 1-phenyloctane as an interfacial layer. (b) Raman spectrum of the 

functionalized surface after drying. Excitation laser wavelength is 532 nm. Mean ID/IG is 0.058 ± 

0.002. (c, d) STM images of functionalized graphite surface after DBA-OC8 templated grafting in 1-

phenyloctane. (c) Large area image (Vbias = −0.80 V, Iset = 30 pA). The inset corresponds to the 2D-

FFT image. Six bright spots in the 2D-FFT image confirm the hexagonal periodicity. (d) Small area 

image (Vbias = −0.80 V, Iset = 30 pA). 
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Removing the physisorbed SAMN template is possible, using hot toluene (20 mL, 100 ºC). In 

case of DBA-OC6 as template molecule, the ID/IG value becomes 0.049 ± 0.003, which is slightly 

smaller than the value before washing (ID/IG = 0.059 ± 0.005). Subsequent STM imaging of the 

sample shows that the covalently bound aryl units remain on the surface, while none of the DBA 

molecules were observed (Figure S11).  

 

Pattern Transfer Fidelity and Mechanism 

 In order to qualitatively and semi-quantitatively evaluate the fidelity of the templated grafting, 

in other words to what extent does the periodicity of the pattern formed by the grafted molecules 

match the structural parameters of the SAMN template, STM images of the functionalized surfaces 

are analyzed by two approaches. One approach analyzes the position of each grafted molecular unit 

with respect to the template DBA. The other approach checks the global correspondence of the 

position of each grafted molecular unit to an ideal hexagonal alignment. On the basis of these analyses, 

here, we discuss the pattern transfer fidelity.  

 In the first approach, we analyzed the location of the bright features with respect to the DBA 

honeycomb networks using small area STM images of the functionalized surfaces where both the 

grafted aryl units and DBA molecules were visualized, as illustrated for DBA-OC8 as the template 

(Figure 6a). The equivalent analyses for the other template molecules, DBA-OC4 and DBA-OC6, 

are shown in Supporting Information (Figures S13 and S14). In Figure 6b, white tapes of 1 nm width 

overlaid on the image connect the triangular cores of DBA-OC8 representing the porous network. 

Obviously, the DBA network does not extend over the full surface, as the networks are often disturbed 

by the grafted species.54 In addition to the hexagons, there are also a very few pentagons and 

heptagons. In the case of the DBA-OC8 template network, the hexagonal pores contain different 

numbers of bright features: 65% are vacant, 20% contain one bright feature, 12% two bright features, 

1% three bright features, and <1% four bright features (Figure 6c and Table 2). The distributions for 

the other template molecules DBA-OC4 and DBA-OC6 are summarized in Table 2. The number of 
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the pores containing grafted aryl groups increases upon the pore size enlargement, while only for 

DBA-OC8 in some pores more than two bright features appear. Though this analysis only affords 

limited local information, such pore size dependency indicates that the pore size is too small for DBA-

OC4, yet slightly too large for DBA-OC8, which agrees with the molecular model estimation (vide 

supra). 

  

 

Figure 6.  High resolution STM image (50 nm × 50 nm) of the functionalized graphite surface using 

DBA-OC8 as template molecules. (a) original image, (b) image with white tapes that connect DBA 

cores, and (c) image with green and yellow disks. Green disks indicate bright features within the 

pores. Yellow dots indicate bright features that overlap with white tapes. 

 

Table 2. Summary of the Distributions of the Pores Containing the Bright Features. 

template 

molecule 

number of bright features in hexagonal pores 

0 1 2 3 4 

DBA-OC4a 90% 8% 2% 0% 0% 

DBA-OC6b 86% 11% 3% 0% 0% 

DBA-OC8 65% 20% 12% 1% <1% 
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a In addition to the hexagonal pores, there are pentagonal and heptagonal pores (1% and 2%, 

respectively). b A very few pentagonal pores exist too (<1%). 

 

As the second approach, the global correspondence of the position of each grafted molecular 

unit to an ideal hexagonal alignment is analyzed. Details of the analysis procedure are described in 

the Supporting Information (Figures S15–S18, Table S2). This analysis also supports the hexagonal 

periodicities of the grafted aryl units.  

Based on this analysis, the appearance of the hexagonal periodicities by the grafted molecular 

units can be attributed to preferential covalent bond formation in the pores. At the liquid/graphite 

interface, solvent molecules are co-adsorbed or at least transiently occupy the pores through 

adsorption-desorption dynamics,55,56 yet such solvent molecules have not been directly visualized in 

the STM images. Because of such dynamic pore environment, the aryl radical or aryldiazonium ion 

can access the substrate (electrode) surface with small potential barrier for the electron transfer 

compared to other areas covered with the immobilized template molecules. As such, grafting 

preferentially occurs in the pores of the template network leading to the pattern transfer. 

 

Chirality Transfer 

 As mentioned above, achiral DBA-OCns form domains of opposite handedness, chiral CW 

and CCW honeycomb structures (Figures 1c and 2), and this supramolecular chirality goes along by 

an offset between the unit cell vector and the normal to a main symmetry axis of graphite (angle 

α).48,54 In the case of DBA-OC6, the absolute value of the angle α determined for each domain using 

several independent images is ±6.3 ± 0.7°. The angle between the unit cell vectors of the CW and 

CCW structures, which we define as β, is calculated to be ca. 13° directly from 2D FFT analysis of 

an STM image including CW and CCW domains (Figure S19). This chirality information transfer to 

the location of the covalently attached aryl groups is an intriguing topic for the production of one-
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sided or supratopically functionalized carbon surfaces with controlled chirality. Namely, as shown in 

Figure 1c, the angle between the SAMN unit cell vectors (blue rhombi) and the directions normal to 

the main symmetry axes of graphite (indicated in light green) is non-zero. Although the grafted 

patterns (red dots) by themselves are achiral (plane group p6m), given the grafting occurs at the center 

of the pores, the off-set of the SAMN unit cell renders the functionalized surface locally chiral when 

using achiral DBA-OCns forming domains of both handedness. Moreover, the grafted patterns will 

become globally homochiral upon the use of supramolecular template layers of unique handedness 

(left or right half of Figure 1d). 

In large area STM images of the functionalized graphite surface using DBA-OC6 as a 

template molecule, we occasionally observed two different orientations in the hexagonal alignment 

of the grafted aryl group. The boundary between two such domains is highlighted by a blue line 

(Figure 7a). A corresponding 2D-FFT image shows two sets of hexagonal periodicities, and the angle 

between these two hexagonal periodicities is 14 ± 2° (Figures 7b,c). Note that this value agrees with 

the angle β of the template DBA-OC6 network within experimental error. To directly prove the 

orientation of the grafted nanopatterns with respect to the substrate lattice underneath, we compared 

the 2D-FFTs of the grafted nanopatterns and of the graphite lattice, in the same STM image (see 

Figure S23). This analysis for 33 STM images unambiguously showed the same off-set of the unit 

cell vector of the grafted nanopattern and the normal to a main symmetry axis of graphite, i.e. +6.5 ± 

0.5° or −6.6 ± 0.4°, as found for the DBA-OC6 SAMN (±6.3 ± 0.7°). As expected, the “positive” and 

“negative” domains appear with almost equal frequency (section 12 in Supporting Information). This 

analysis concludes that the handedness (orientation) of the template network is successfully 

transferred to the surface location of the covalently attached aryl units (Figure 1c). 

The above results suggest the possibility of orientational selection of the nanopattern with 

respect to the substrate lattice, to create a globally homochiral grafted pattern. To create 

supramolecular template layers of unique handedness, a requisite for the formation of homochiral 

grafted patterns later on, we designed and synthesized DBA cDBA-OC6(S)-OC6, a chiral template 
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molecule, having three chiral OC6(S) chains with methyl groups attached to stereogenic centers and 

three achiral OC6 chains.41,57 Indeed, cDBA-OC6(S)-OC6 exclusively forms a CCW honeycomb 

structure at 1,2,4-trichlorobenzene (TCB)/graphite interface after annealing treatment at 80 °C for 5 

h (2.0 × 10−5 M, Figure S20). The three chiral chains are located at the rims of the hexagonal pores 

because of steric demands (Figure 8a,b).57 Unit cell parameters are a = b = 3.2 ± 0.1 nm and γ = 60 ± 

1°, which are identical to those of DBA-OC6. However, the angle α measures only negative values 

of −6.7 ± 0.8°, consistent with the homochirality of the network. Nanopatterned covalent grafting 

was attempted under phase separated solution double layer conditions using a solution of cDBA-

OC6(S)-OC6 in TCB (40 µL) as an interfacial solvent layer (Figure S22). STM observations of the 

functionalized graphite surface at the TCB/graphite interface revealed that individual 

trimethoxyphenyl units arranged in a hexagonal manner (Figures 8c and S22c), which is confirmed 

by the corresponding 2D-FFT with a hexagonal periodicity of 2.6 ± 0.1 nm (Figures 8c and S22c, 

insets). Furthermore, in agreement with the unique handedness of the cDBA-OC6(S)-OC6 SAMN 

leading to a homochiral supramolecular network, the grafted pattern matches exactly the orientation 

(−6.8 ± 0.4 based on 24 STM images) of the template SAMN, rendering the covalently functionalized 

graphite surface homochiral (Figure 1d, Figure S25). 

 

 

Figure 7. (a) Large area STM image of the functionalized graphite surface around the domain 

boundary after DBA-OC6 templated grafting in 1-phenyloctane (Vbias = −0.60 V, Iset = 30 pA). Blue 

line in (a) is a boundary of hexagonally aligned bright features with different orientations. (b, c) 2D-
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FFT images of image (a). Two sets of six bright spots confirm two different orientations of the 

hexagonal alignments. These are distinguished in zoomed image (c) by green and red circles, each 

derived from the bottom and top domains of (a). The mean angle (β) between the green and red lines 

connecting the spots and the center of the image is 14 ± 2°. 

 

 

Figure 8. (a) STM image of a CCW honeycomb structure formed by cDBA-OC6(S)-OC6 (Vbias = 

−0.44 V, Iset = 114 pA). White arrows and light green lines are main symmetry axes and their normals 

of a graphite substrate underneath. Turquoise rhombus is a unit cell. Angle α is between one of the 

unit cell vectors and the closest normal of the graphite lattice. (b) Molecular mechanics optimized 

(COMPASS force field) molecular models of the honeycomb structure of cDBA-OC6(S)-OC6 on 

bilayered graphene sheets under periodic boundary conditions (PBCs; a = b = 3.25 nm and γ = 60.0°). 

The bilayered graphene sheets are omitted for clarity. The methyl groups attached to the stereogenic 

center are colored in light green. (c) Large area STM image of the functionalized graphite surface 

after cDBA-OC6(S)-OC6 templated grafting in TCB (Vbias = −0.60 V, Iset = 30 pA). The inset 
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corresponds to the 2D-FFT image. A set of six bright spots in the 2D-FFT image confirms the 

hexagonal periodicity. (d) Schematic drawing of the chiral-position controlled functionalized surface. 

The red dots correspond to grafted aryl units. Blue arrows and light green lines are main symmetry 

axes and their normals of a graphite substrate. For clarity, the unit cell vectors of the grafted pattern, 

and the graphite lattice are not to scale. 
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CONCLUSIONS 

 We herein report, for the first time, that porous self-assembled molecular networks act as 

nanometer scale template for the covalent EC functionalization of graphite using an aryldiazonium 

salt. Hexagonally aligned grafted species on graphite surfaces with lateral periodicity of 2.3, 2.7, and 

3.0 nm were achieved utilizing molecular templates of different pore sizes. The template network can 

be removed by washing with a common organic solvent. The local and global analyses support that 

the pattern transfer fidelity is influenced by the pore size. This implies fidelity improvement will be 

possible by selecting porous SAMN templates with suitable pore shape and size. We suggest that the 

pattern transfer is attributed to the dynamic pore environment at the liquid/graphite interface. Finally, 

we confirmed that the well-defined orientation of the porous template network is transferred to the 

alignment of the supratopically grafted species along non-symmetry axes of graphite. This 

demonstrates the first covalent functionalization of a carbon surface in a chiral manner. The 

understanding of the chemical functionalization of graphite or graphene and its impact on the 

electronic and surface properties, are important for the production of tailored carbon materials.58–60 

Additionally, the production of homochiral graphite surfaces or graphene materials would open 

various possibilities in carbon materials science.43,61,62 
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