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ABSTRACT 

Covalent organic frameworks (COFs) have gained significant attention in many 

applications due to their porous crystalline structures with high architectural and 

chemical robustness and customized topologies. A high-quality extended 

two-dimensional (2D) hexagonal porous COF-1 network can be obtained through 

cyclocondensation of three 1,4-benzenediboronic acid (BDBA) monomers by using 

excess water as the chemical-equilibrium-manipulating agent on a highly oriented 

pyrolytic graphite (HOPG) substrate. The surface-confined COF-1 can be used as 

template to recognize different guest molecules, allowing formation of a host/guest 

(H/G) structure. The intrinsic features of H/G structures lead to their wide 

applications in molecular recognition, catalysis, gas storage, separation and directed 

crystallization. Driven by the potential applications, the present work in this thesis 

concentrates on the preparation and properties of H/G structures based on COF-1 

templates at the solution/solid interface.  

Firstly, scanning tunneling microscopy (STM) images show that the surface-supported 

two-dimensional COF-1 can act as a host architecture for C60 fullerene molecules, 

predictably trapping the molecules under a range of conditions. C60 adsorbs in the 

COF-1 template in two different sites, the top-site (T) and the pore-site (P). The 

fullerenes occupy the COF-1 lattice at the heptanoic acid/HOPG interface, and in 

dried films of the COF-1/fullerene network that can be synthesized through either 
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drop-deposition of fullerene solution or by a dipstick-type synthesis in which the 

surface-supported COF-1 is briefly dipped into the fullerene solution. 

COF-1 can be synthesized from different solvents. When 1,2,4-trichlorobeznene 

(TCB) is used, STM images reveal the adsorption of TCB in the hexagonal pore of 

COF-1 template at TCB/HOPG interface. A well-defined loop boundary formed by a 

chain of pentagonal and heptagonal pores allowed us to investigate the effect of pore 

shape and size on TCB adsorption, suggesting that both geometrical and size effects 

are important in binding the TCB. When both C60 and TCB are present at the 

TCB/HOPG interface, TCB molecules are selectively trapped in the pore-site, 

whereas fullerenes adsorb on the top-site of COF-1. While the former structure is 

stabilized by CléH hydrogen bonds, the latter is controlled by van der Waals (vdW) 

interactions. These results suggest that surface-supported 2D porous COFs can 

selectively bind different molecules at specific sites via different types of interactions 

and COFs may offer a powerful platform for the recognition and patterning of guest 

molecules. 

Moreover, a 2D COF-1 can template solution-processed C60 guest molecules to form 

several solvent-dependent structural arrangements and morphologies via a 2D to 3D 

growth process. When TCB is used as solvent, C60 molecules form a template-defined 

close packed structure. When heptanoic acid is used as solvent, a range of lower 

density architectures that deviate from the template-defined close packing are 

observed. This difference is attributed to the co-adsorption of the heptanoic acid 
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solvent molecules, which is only achieved in the presence of the template. This work 

demonstrates the possibility to precisely control molecular self-assembly to form 

designed 3-dimensional (3D) structures through the synergistic combination of 

template and solvent effects.  
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image of geometrical considerations of the region (spin centre) enclosed by the 
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Chapter 1. Introduction 

1.1. Molecular self-assembly on 2D surfaces 

Instigated by the famous ñPlenty of Room at the Bottomò talk given by Feynman in 

1959,1 tremendous work has been devoted over the past few decades to make things 

small. ñNanostructured materialsò are those typically defined by size spanning from 

subnanometer to several hundred nanometers.2 In this size range, classical and 

quantum behaviors are mixed and materials can exhibit physical properties different 

from those of bulk materials; the study of these phenomena is collectively known as 

nanoscience.3 For example, at the nanometer scale, electronics band structures can be 

tuned through quantum confinement effects achieved by varying the size and 

dimension of nanoparticles (Figure 1.1).4 Another important aspect is that making 

functional units small can result in a significant decrease in device energy 

consumption and more efficient production processes. However, even if 

nanomaterials can exhibit remarkable properties, they can be applied into practical use 

only if suitable economical nanotechnology is viable. Thus, the development of 

methods to realize mass-controlled fabrication and integration of functional 

nanodevices into usable macroscopic systems is essential. 
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Figure 1.1 (a) Schematic representation of change in the density of state in one band 

according to the size of material (metal and semiconductor). (b) The density of state in 

one band of a semiconductor as a function of dimension. Reproduced with permission 

from the Science. 4 

There are two common methods to generate nanostructured materials and fabricate 

nanoscale structures in a controlled and repeatable manner, top-down and bottom-up 

(Figure 1.2).5 Top-down methods impose a structure or pattern on the substrate 

through an external process. In contrast, bottom-up methods aim to guide the 

assembly of components into organized structures through processes inherent in the 

system. The top-down approach includes serial and parallel techniques to create 

features typically in 2D over a large scale. To date, several excellent top-down-type 

approaches including photolithography and scanning beam lithography have been 

used to produce nanostructures.6 However, these conventional techniques have the 

limitations which have restricted their applicability, such as the high capital and 

operating costs in accessing the facilities and a general paucity of applicable materials. 

Moreover, as device features advance through the sub-10-nm regime, these top-down 
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approaches have begun to approach their resolution limit.7 The physical limits of 

defining nanoscale features is also problematic for future size reductions in 

nanostructures; for example a layer of silicon dioxide must be at least four to five 

atoms thick to function as an insulator.8 Because of these challenges to both 

traditional nanotechnology and nanoscience, interest has been growing in the 

alternative approach, i.e., bottom-up methods.9 

 

Figure 1.2 Two methods (top-down vs bottom-up) to produce matter at the nanoscale. 

Top-down methods, such as lithography, writing or stamping, are used to define the 

desired features. The bottom-up techniques use self-processes to produce ordered 
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patterns of supramolecular or solid-state architectures from the atomic to the 

mesoscopic scale. Reproduced with permission from the Nature Publishing Group. 5 

Molecular self-assembly is a promising bottom-up methodology for large-scale 

fabrication of functional nanostructures, defined as a process in which molecules (or 

parts of molecules) spontaneously form ordered aggregates without human 

intervention.10 It is the pathway of lowest energy consumption and one of the few 

practical strategies for making ensembles of nanostructures. In addition, the study of 

molecular self-assembly is appealing because self-assembly is one of the basic 

process employed by biological systems, meaning that an understanding of 

self-assembly can help to unveil the mystery of the origin of life. The investigation of 

the spontaneous formation of ordered patterns can also bridge the study of distinct 

individual constituents and the investigation of systems as a whole.11 

Confinement of building block molecules onto a 2D surface is often necessary for the 

applications of many organic electronic and optoelectronic devices, where the 

substrate can play an important functional role such as the electrode for organic 

light-emitting diodes (OLEDs) or photovoltaic solar cells.12 The substrate properties 

can also be tuned by deposition of molecules that self-assemble. For example, the 

assembly of organic acceptor tetracyano-p-quinodimethane has been demonstrated to 

p-dope graphene substrate through charge-transfer 13 and induce a structural 

rearrangement at copper surfaces.14 
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Figure 1.3 Schematic illustration of the possible 17 plane groups in 2D, describing the 

symmetry of monolayer molecular self-assembly. An arrow indicates each asymmetric 

unit, and unit cells are denoted with gray lines. Reproduced with the permission from 

American Chemical Society.15 

Moreover, the reduced dimensionality of assembly on a surface can dramatically 

simplify the system with only 17 plane groups possible in 2D crystallization as 

compared to 230 space groups in 3D crystallization (Figure 1.3).15 The presence of 

the surface can also introduce extra effects impossible in 3D, such as the 

concentration-dependent polymorphism.16 Confining molecular self-assembly to a 2D 

surface offers the advantage of the application of some specialized characterization 

techniques. For example, using scanning tunneling microscopy (STM), the molecular 

arrangement on solid surfaces can be imaged in real space with submolecular 
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resolution, which provides a wealth of detailed information.17 

2D molecular self-assembly under ultra-high vacuum (UHV) conditions depends 

critically on two types of interaction: molecule-substrate interactions stabilizing the 

molecules on the surface and molecule-molecule interactions that define the 

relationship between neighboring molecules.12 However, when it occurs at 

solution/solid interface, the solvate-solvent and substrate-solvent interactions can also 

play an important role in the determination of 2D ordered patterns.18 

The interaction between adsorbates and solid substrate can determine molecular 

adsorption geometries, sites and orientations. The role of surface will become more 

and more dominant when interactions move from weakly physisorbed to chemisorbed 

organic molecules.19-20 For the surfaces with ordered arrays of dislocation networks,21 

steps or patches with different chemical composition,22 the inhomogeneity of the 

molecule substrate-interaction can act as guidance for the growth of molecular 

nanostructures whose motif structure can be uniquely defined by adsorption-site 

selectivity. Thus, through the decoration or designation of the surface structure, it is 

possible to realize the precise control of the deposited molecular self-assembly.23 

Intermolecular interactions are another important factor that can influence molecular 

self-assembly. The interactions and motif structures of self-assembly depend on the 

nature and spatial arrangement of functional groups in the periphery of the backbone 

of molecular building block. According to the strength, intermolecular interactions 

can be divided as two types, non-covalent interactions and covalent interactions. 
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Table 1.1 Intermolecular interactions of self-assembly24 

Type of interaction Strength (kJ/mol) Character 

Covalent bond 350 irreversible 

Coordination binding 50-200 directional 

Hydrogen bond 5-65 Selective, directional 

van der Waals interaction <5*  Non-selective, non-directional 

*strength scales with the number of atom involved in the interaction 

Since non-covalent interactions are weak and have the advantage of the reversibility 

of bonding, organic molecules can interact with each other to form long range ordered 

structures. In this context, the chemical nature of the individual molecules is 

preserved in the assembly and non-bonding interactions, such as hydrogen bonds,25 

van der Waals (vdW) interaction,26 halogen bonds27 and metal-organic coordination28 

(Table 1.1), drive the self-assembly process. However, these weak intermolecular 

interactions are also a limitation in these fragile structures. Such supramolecular 

assemblies are difficult to modify without losing their structure:  

(i) Modification of the functional groups typically will alter the interactions 

between the constituents and thus lead to different assemblies; 

(ii)  performing chemistry on these assemblies is difficult without destroying their 

structural integrity; 

(iii)  the thermal and chemical robustness of their structure puts a limit on their 
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applications.29  

By using covalent interactions to enhance the mechanical rigidity of structures, these 

disadvantages can be overcome (discussed in section 1.2). In addition, conjugated 

polymers can have semiconductive properties with a high efficiency of charge 

transport, which is desirable for electronic device applications.30 

Molecular self-assembly at the liquid/solid interface are more convenient and 

straightforward experimental approaches compared with those that require UHV 

conditions.18 Besides molecule-substrate and molecule-molecule interactions, the 

arrangement and stability of self-assembled structures at the liquid/solid interface also 

depends critically on the solvent used. The delicate balance among interactions 

between solvent, solvate and substrate would give rise to the competitive or 

coadsorption deposition of solvent molecules with adsorbate. 

Solvents can be physisorbed or even self-assemble on the surface to form 2D 

structures.31-32 This requires solvent molecules have a higher affinity for the substrate 

than the solvate. The solvents can also be coadsorbed at the liquid/solid interface via 

vdW interactions with the substrate, or hydrogen bond or vdW interactions with the 

adsorbate molecules. For example, the carboxyl functional groups of 

5-octadecyloxyisophthalic acid (C18ISA) were observed to form hydrogen bonds with 

1-octanol solvent molecules, leading to observed self-assembly with solvent 

co-adsorption. However, when 1-phenyloctane was used as the solvent, no 

coadsorption of solvent molecules could be observed. This variation implied that 
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hydrogen bond formation was the main reason for the solvent coadsorption (Figure 

1.4). 33 

 

Figure 1.4 (a) STM image of self-assembly of C18ISA molecules at 1-octanol/graphite 

interface. The value of æL1 corresponds to interdigitated C18ISA, identical with the one 

in (c).The value of æL2 corresponds to the width of the lamella formed by 1-octanol 

molecules. Image size is 10 × 10 nm2. (b) Molecular model represents the area 

indicated in (a). The unit cell for 1-octanol molecules coadsorption in two-dimensional 

packing of C18ISA molecules was proposed. (c) STM image of self-assembly of C18ISA 
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molecules at 1-phenyloctane /graphite interface. Image size is 10.7 × 10.7 nm2. (d) 

Molecular model represents the area indicated in (c), showing no solvent coadsorption. 

Reproduced with the permission from American Chemical Society. 33 

Solvents can also provide different microenvironments for the solute to self-assemble 

at the interfaces. The properties of solvent (viscosity, polarity, etc.) and solubility of 

solvate are all important factors to control the polymorphism of self-assembly through 

thermodynamic or kinetic effects.34-35 For example, trimesic acid (TMA) is a building 

block which can construct ñchickenwireò structure (dimer motif) and ñflowerò 

structure (mixed dimer/trimer motif), both stabilized by hydrogen bonds on HOPG 

surfaces (Figure 1.5a).36 The solvent induced polymorphism was studied by applying 

a series of alkyl acid solvents with different dielectric constants as solvent. 

ñChickenwireò structure is favored in less polar solvent (low solubility) and ñflowerò 

structure is favored in more polar solvent (high solubility). The possible explanation 

for this variation in monolayer identity is the stabilization of a TMA trimer solution 

phase nucleation species (precursor for ñflowerò structure) in the solvent with high 

solubility, but a TMA dimer (precursor for ñchickenwireò structure) in the solvent 

with low solubility. In the same context, the self-assembly of 1,3,5-benzenetribenzoic 

acid (BTB), a bigger analogue of TMA, was also found to depend on the solvent in 

use. BTB can form two different structures, ñchickenwireò structure and ñobliqueò 

structure (Figure 1.5b), which differ in their hydrogen bonding pattern but both have 

the dimer motif.37 Experiments conducted to compare between the solvent molecules 
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with and without hydrophilic functional groups suggest a different mechanism, 

depending on whether the solvent can or cannot exert strong hydrogen bonds, for the 

formation of the interfacial monolayer structures at the liquid/solid interface. If the 

structure exposes a lower number of polar groups during the growth, then it will be 

preferred in a solvent of low dielectric constant and vice versa. Since the ñobliqueò 

structure exposes more free hydrogen bonds during the growth process, thus it was 

observed in more polar solvents. Although the above mechanisms were proposed in 

the TMA and BTB studies, the possibility of solvent co-adsorption cannot be ruled out, 

because the porous self-assembled structures can enable the interactions between 

solvent and substrate. 

 

Figure 1.5 (a) (Top) The STM image and models for chickenwire structure of TMA. 

STM image was collected at the heptanoic acid/HOPG interface. Image size: 15×15 

nm2. (Bottom) The STM image and models for flower structure of TMA. STM image was 
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collected at the pentanoic acid/HOPG interface. Image size: 15×15 nm2.38 (b) 

Schematic representation of the seeding process for the oblique pattern (left) and the 

chickenwire motif (right) with the BTB dimer as the repeating unit forming. The count 

represents the number of polar functional groups exposed to the solvent, and those in 

the brackets represent the number of BTB molecules involved in the assembly. (c) 

Schematic representation of the properties for the series of alkanoic acids from 

butanoic to nonanoic acid and the respective interfacial monolayer polymorphs. 

Reprodiced with the permission from American Chemical Society. 37 

1.2. Covalent Organic Frameworks 

Extended crystalline covalent organic frameworks (COFs) were first routinely 

synthesized from solution in a sealed reactor, where the reversible formation of 

covalent bonds provides the mechanism for error correction.39 Since producing 2D 

COFs can potentially deliver single sheets of organic material, similar to highly 

popular graphene, but with a tunable structural motif, 2D COFs have been synthesized 

on surface using various approaches including Ullmann dehalogenation,40 

carbon-carbon covalent bond formation and dehydration reactions41 with the method 

of on-surface synthesis. Topologically, a 2D COF monolayer is composed of nodes 

and spacers. The cross-linked 2D network can be obtained with different symmetric 

building block molecules through ñnodeò condensation or ñspacerò condensation, as 

schematically presented in Figure 1.6.42 The successful realization of COF materials 
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through molecular building blocks can provide porous covalent frameworks that could 

be functionalized into lightweight materials optimized for gas storage, photonic, and 

catalytic applications based on host/guest chemistry.29 

 

Figure 1.6 (a) The ñnodeò approach for synthesis of 2D COFs. Examples are given on 

the right: cyclocondensation of three boronic acids molecules and tetramerization of 

four 1,2,4,5-tetracyanobenzene (TCNB) molecules with one Fe atom. (b) The spacer 

approach for synthesis of 2D COFs according to the symmetries of builders. 
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Corresponding examples are given on the right for the construction of 2D COFs: the 

condensation reaction between boronic acids and diols, the Schiff-based reaction, 

polyamide formation, polyimide formation, polyester condensation, Ullmann coupling, 

and Glaser coupling. Reproduced with the permission from Wiley.42 

Boronic acid-based building molecules were initially used to produce 2D COFs on 

Au(111) surface using the ñnodeò construction mode in UHV conditions,43 following 

on the first bulk COFs materials.39 Three 1,4-benzenediboronic acid (BDBA) 

monomers can form one boroxine (B3O3) ring through cyclocondensation (Figure 

2.1a),44 whereas intact BDBA molecules can form a hydrogen-bond stabilized 

self-assembly on metal surface. Starting from this supramolecular self-assembly, the 

synthesis of COF-1 through tip- or electron beam -induced surface polymerization of 

BDBA molecules was also developed.45 However, since covalent bonds lack the 

degrees of reversibility under UHV conditions, several kinds of defects, such as 

pentagon and heptagon pores, were inherently formed, and the polymer structure 

always deviated from an ideal honeycomb two-dimensional network.46 Therefore, the 

synthesis of larger-scale high-quality COFs is desirable. 
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Figure 1.7 Enthalpic diagram showing the different transition states during 

polymerization reaction. The energies (in eV) are relative to the monomers. After each 

transition, a water molecule is released (arrows).Reproduced with the permission from 

Wiley.47 

Based on the dehydration reaction of boronic acids and thermodynamic-equilibrium 

control strategy, Liôs and Lackingerôs groups have succeeded in constructing 

large-scale high-quality COFs by using excess water as the 

chemical-equilibrium-manipulating agent in the closed and open environment 

conditions respectively (Figure 1.8).48-50 The large 2D COFs arrangements observed 

experimentally are stabilized through the entropic contribution of the water molecules 

released during 2D polymerization process of BDBA molecules (Figure 1.7).47 Thus, 

the important effect of water in the formation process of an ordered 2D COF can be 

understood by Le Chatelierôs principle. The presence of excess H2O during the 
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poly-condensation changes the free energy of the reaction and favors a reverse 

reaction to a certain extent by pushing the equilibrium backward. The enhanced 

reversibility can improve the self-correcting abilities of the COFs and result in the 

formation of highly ordered honeycomb molecular nanostructures. Eventually, after 

excess water is removed, the ordered porous networks gain their robustness by 

ceasing bond reversibility. 

 

Figure 1.8 Synthesis of high-quality 2D COF-1 monolayer polymers. (a) BDBA 

monomer self-condenses onto crystalline metal surfaces in UHV to form COF-1 

monolayer which containing various pentagonal and heptagonal ring defects (middle). 

The improvement in the order of the film can be initiated through annealing this film in 

a humid environment (right). (b) Pre-prepared COF-1 nanocrystals in solution were 

dropcasted onto HOPG surface (middle). Similar annealing can provide a monolayer 

with improved long-range order (right). Reproduced with the permission from the 

Nature Publishing Group.51 

COFs processed under ambient conditions with monomer deposition from solution by 
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drop-casting offer much convenience for further applications,49 but still bear many 

disadvantages, for examples: inhomogeneous coverages, including unwanted bilayers; 

insufficient reproducibility; contaminations; solubility issues, which can limit the size 

of the domains. Recently, in order to further improve the quality of COF-1, a new 

synthesis procedure of using vapor deposition instead of solution-deposition was 

developed. The progressively smaller length characterization on samples manifested 

that the sample prepared by vapor deposition protocol similarly yields high quality 

COF-1 monolayers, but significantly reduces sample contamination.52 

1.3. Host/Guest chemistry based on 2D templates 

H/G chemistry is the important concept in supramolecular chemistry which describes 

the formation of unique structural complexes composed of two or more molecules or 

ions held together via non-covalent interactions. The mutually specific recognition 

between the host network and the guest molecules is the core idea of H/G chemistry. 

Although historically developed in organic and aqueous solutions, the principles of 

supramolecular H/G chemistry have been successfully implemented in self-assembled 

systems on solid surfaces.22 The reason why single layer molecular host/guest (H/G) 

architectures on surface have attracted a lot of attention is because they can provide a 

novel route towards porous materials that may find applications in molecular 

recognition, catalysis, gas storage and separation.51, 53  
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Figure 1.9 (a) Schematic of conjugated oligothiophene macrocycle, which is 

intrinsically porous. (b) STM image of a monolayer of macrocycles on HOPG. The 

adsorption of C60 is indicated with white arrow. Image area: 11.6 nm× 8.7 nm; 

Scanning conditions: V=-700 mV, I = 44 pA. (c) Calculated model of a closely packed 

monolayer of assembled template with intrinsic porous host molecules with a 

hexagonal arrangement. Inset picture exhibits side view of the calculated energy 

minimum conformation of a oligothiophene-C60 complex. Reproduced with the 

permission from Wiley.54 (d) Illustration of the TMA chickenwire host, which is 

extrinsically porous. TMA molecules are drawn with the vdW surfaces of the atoms. 

The extrinsic single cavity stabilized by hydrogen bonds is indicated in the right 

enlarged sketch. (e) STM constant current image of the TMA-C60 host-guest structures. 

The diameter of the pores is 1.1 nm, and the unit cell of the hexagonal network is 

a=b=1.6¤0.1 nm and ɔ=60¤1° as depicted in the upper right corner. The adsorption 

of two C60 molecules inside the pores of the TMA host network appear as bright 
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protrusions. Image dimensions: 10 × 10 nm2. Reproduced with the permission from 

American Chemical Society. 55 

Surface-confined H/G structures rely on hierarchical interactions: the interactions 

binding the host monomer together are stronger than the interactions binding the guest 

to the host.56 The presence of a solid surface can also provide additional stability for 

the resultant H/G structures through the molecule-substrate interactions. The 2D 

porous host networks can be constructed in intrinsic or extrinsic ways. The intrinsic 

porosity is inherent to the chemical structure of the constituent molecules, whereas 

extrinsic porosity results from non-covalent (or covalent) assembly of the constituent 

molecules, which usually do not bear porosity in isolation (Figure 1.9). The intrinsic 

porous self-assembled host template is typically stabilized by vdW interactions,54, 57 

while an extrinsic porous self-assembled host template can be stabilized through 

several different interactions (Table 1.1). Although based on hierarchical interactions 

of H/G, rigid host templates with fixed pore sizes, such as those sustained by 

hydrogen bonding or metal-ligand interactions, are favorable for guest selectivity, 

flexible host networks stabilized by vdW interactions also provide reasonably high 

selectivity. Because of the ability to design interactions in a host network via 

judiciously chosen molecular components, the majority of H/G studies carried on 

solid surfaces have focused on extrinsically porous systems. For example, isoreticular 

scalability of COF cavities can be achieved through simply increasing the size of the 

molecular building blocks.22  
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H/G structures can offer spatially controlled fixation, observation, and precise 

manipulation of matter down to the single molecule level, which is an essential 

requirement for nanotechnology applications.58 The manipulation of a single molecule 

55, 59 can be carried out by STM at the liquid/solid interface without the need for 

experimentally challenging UHV techniques. For example, the proof of principle 

work has been reported by Griessl, where the adsorption site of C60 molecule in a 

TMA template can be manipulated by varying the tunneling current through an  

STM tip.55 

H/G chemistry is also associated with the study of selective recognition of a molecule 

(guest) by another molecule (host) via the formation of non-covalent interactions. 

Several strategies for selectivity in guest bonding have been developed based on the 

geometry of host, such as pore size,60-61 shape62-63 and chirality64 or chemical 

environment of host65. For example, two different shape species can be trapped by a 

nanotemplate at the same time (Figure 1.10). A novel hydrogen bonding molecular 

network with two different cavities can be formed from tetra-acidic azobenzene 

(NN4A). The coronene (CORO) molecule is only entrapped in the hexagonal cavity 

due to the pore size and shape and C60 will  be entrapped in exclusively in the 

triangular cavities. The network can serve as a supramolecular nanoporous template to 

simultaneously accommodate C60 and coronene molecules, forming a 

coronene/C60/NN4A ternary architecture. Based on similar selective recognition 

principles, a number of multicomponent H/G systems were also reported, wherein 
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either the host template or the guest species can comprise more than one type of 

molecular building blocks.66-68 For example, the complexity of H/G self-assembly was 

extended to a three component H/G architecture assembling at the solution-solid 

interface. Instead of using a single of type of guest, a heteromolecular guest cluster 

composed of coronene and isophthalic acid (ISA) could be immobilized in host 

network formed by dehydrobenzo annulene (DBA) derivative.69 

 

Figure 1.10 The chemical structures of the NN4A and guest molecules: (a) NN4A, (b) 

coronene, (c) C60. (d) The STM image of coronene/C60/NN4A ternary architecture at 

alternate bias and current. Image dimensions: 41¦41 nm2 The line at which the bias 
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changed is marked by a green arrow. The scanning conditions of upper area and lower 

one are I=1055 pA, V=516 mV and I=128 pA, V=968 mV, respectively. (e) A 

molecular model of coronene and C60 molecules co-adsorbed on NN4A networks. 

Reproduced with the permission from Wiley.63  

Molecular recognition in H/G chemistry can constitute proof-of-concept for the 

design of sensors.70 For example, the modulation of the conductivity of the active 

conducting materials upon the H/G binding event can be transduced into electric 

signals, as shown in Figure 1.11.71 Confining a guest in a 2D host structure represents 

the ultimate limit of design for an organic field effect transistor-based sensor, where 

devices with thin active layers are used for their high response speed and sensitivity to 

target molecules.72  

 

Figure 1.11 Graphic representation of a FET chemical sensor.71 

In addition, the growth of template networks, able to form H/G structures,22 has also 
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been an important methodology for controlling crystallization into the third dimension 

using molecular building blocks. For example, a bilayer H-bonded Kagomé 

structure73 and self-aggregation of p-stacked heterocirculenes74 have been observed 

based on 2D H/G structure. Moreover, fullerenes and their derivatives with non-planar 

geometry, when stabilized by weak interaction on 2D templates, can promote 

configurations defined by the template that deviate from standard close-packing.23, 

75-78 The cooperative interaction of H and G species was manifested through the 

observation of the induced growth of a second layer of a supramolecular framework 

by the trapped fullerenes (Figure 1.12).79 Although H/G structures have so many 

potential applications, the COFs based H/G structure have not been investigated 

intensively. 
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Figure 1.12 (a) Schematic illustration of the random rhombus tiling formed by the 

terphenyl-3,3'',5,5''-tetracarboxylic (TPTC) acid framework. Different hexagonally 

ordered network of pores is highlighted by A-E. (b) STM image of TPTC network after 

a deposition of C60. The locations of C60 are visible as bright spots in the image and the 

underlying TPTC network is not visible. Scale bar: 16 nm; (c) STM image of TPTC 

bilayer immediately collected after C60 deposition. The co-adsorption structure of C60 

and bilayer TPTC framework can be identified. The first layer of TPTC framework is 

visible with an altered contrast and the second TPTC molecules appear with the long 

axis of the molecules as bright, rod-like features. Scale bar: 11 nm. (d) Schematic 

representation of the co-adsorption of C60ïbilayer structure consisting of two overlying 

pores of type A. Reproduced with the permission from the Nature Publishing Group. 79 
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1.4. Thesis objectives and organizations 

My thesis focuses on the development of H/G structures based on COFs.39 Since 

COFs acting as template have not been intensively investigated, this project offers a 

first look at the stability and architectures accessible through a COF/guest system. 

The successful direct synthesis of single layer 2D COF-139 on highly ordered 

pyrolytic graphite (HOPG)49-50 is foundational to this work. 

The goal of this investigation is to explore a range of different architectures of H/G 

based on COFs template. The spherical C60 is used as a model guest molecule, as 

shown in Figure 2.3. The method of characterization is mainly STM. This thesis will 

offer both fundamental understanding and a novel methodology for H/G structures 

based on COF-1 template, opening the gate for a range of further investigations of 

applications-targeted H/G structures. 

In Chapter 2, the synthesis method of COF-1 and the basic principle of STM 

characterization are introduced. 

In Chapter 3, COF-1 acts as a robust host for C60 fullerene guest molecules at the 

solution/solid interface and under ambient conditions, demonstrating the possibility 

for COF-based host/guest architectures at monolayer thickness. At both the 

solution/solid interface and in dried films, COF-1 presents a lattice with two distinct 

fullerene adsorption sites: a pore site, where the C60 molecule is adsorbed on the 

underlying HOPG, and a top site, where the fullerene is adsorbed on the boroxine 

ring. 
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In Chapter 4, the effect of pore shape and size on the solvent adsorption has been 

investigated. The results show that different solvent molecules can present distinctive 

influence on the adsorbed position of C60 molecules, suggesting that COF-1 lattice 

can separate guest molecules, opening opportunities for applications in molecular 

patterning and recognition.  

In Chapter 5, COF-1 shows the capability to serve as the template for a 3D 

nanofabrication with atomic precision. The template-defined packing, which deviates 

from standard close packing, depends on the solvent for the fullerene molecules: a 

template-defined close-packing motif is achieved using 1,2,4-trichlorobenzene (TCB) 

as solvent, whereas lower-density quasi-close-packed polymorphs are observed when 

using heptanoic acid as solvent. The solvent-dependent polymorphism and 

morphologies can be described in terms of a template-driven solvent co-adsorption 

effect. 

Finally, in Chapter 6, the conclusion and perspectives are given. 
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Chapter 2.  Experimental techniques 

2.1. COF synthesis on HOPG and guest molecule 

 

Figure 2.1 (a) The scheme of COF-1 and the chemical reaction for synthesizing 

template: self-condensation of BDBA monomers gives rise to 2D COF-1 template 

wherein defects are recovered through the reversible reaction that occurs in the 
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presence of water. The scheme of the boroxine ring is enlarged in the inset circle.80 (b) 

The schematic illustration of the setup of synthesizing COF-1 on HOPG substrate. 

BDBA COFs were formed following procedures described previously.49-50 1 mg of 

1,4-benzenediboronic acid (Tokyo Chemical Industry Co. Ltd) was added to 1.5 ml 

heptanoic acid (or 1,2,4-tricholorobezene), and then sonicated for approximately 30 

min. This step produced a whitish suspension. 7.5 ml of this BDBA suspension was 

dropped onto freshly cleaved HOPG (Structure Probe International, grade SPI-1 or 

SPI-2, Figure 2.2) and put into a reactor with a volume of ~16 ml. 130 ml deionized 

water was added to the bottom of the reactor, and a valve to ambient was left slightly 

open to maintain an open system. The entire reactor was placed in an oven preheated 

to 125 ᴈ and left for 60 min.  
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Figure 2.2 STM image of HOPG. Image dimensions: 4.2¦4.2 nm2. Tunneling 

conditions: V=-19 mV, I= 1000 pA. The hexagonal lattice constant of HOPG is 0.246 

nm. 

After the thermal treatment, the reactor was taken out of oven and allowed to cool for 

at least 20 min before the samples were removed. The synthesis procedure is 

schematically shown in Figure 2.1b. Subsequently, the samples were characterized by 

STM at the air/solid interface. The scheme of reaction is shown in Figure 2.1a. 
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Figure 2.3 Scheme of C60 guest molecule. 

After the presence of COF-1 is confirmed with STM, an amount of C60 guest 

molecules in different solvent with a known concentration was applied onto the 

HOPG substrate.  

C60 is the one of the most widely used guest molecules in 2D H/G investigation.54, 60, 

81-83 Since its discovery in 1985,84 C60 has received tremendous attention due to its 

unique structure and properties. It consists of 20 hexagonal and 12 pentagonal rings 

arranged with icosahedral symmetry (Figure 2.3). Carbon atoms are bonded to each 

other through sp2 hybridized bonds, but double bonds tend not to be present at the 

pentagonal rings. This results in poor electron delocalization and electron deficient 

property, permitting the formation of charge-transfer complexes with suitable donors. 

Thus C60 has been regarded as a potential molecular building block in molecular 

engineering, novel materials synthesis, and supramolecular chemistry for the 
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applications of photovoltaics and field effect transistors.85-87 

2.2. Scanning Tunneling Microscopy (STM) 

The STM is capable of imaging surfaces with an atomic resolution. It was invented by 

Gerd Binning and Heinrich Rohrer in 1981 at IBM Zürich .88-89 They received the 

Nobel Prize in Physics five years later for the many implications of STM on surface 

characterization. Figure 2.4 shows the essential elements of STM. A metallic probe tip, 

usually made of W or Pt-Ir alloy, is attached to piezoelectric transducers. By placing 

the tip very close (a few of Angstroms) to the conductive surface and applying a bias 

voltage between them, there is a probability that an electron will transfer from the tip 

towards surface or from the surface to the tip, due to the overlap of electron 

wavefunctions in the tip and sample. Such a current is a quantum-mechanical 

phenomenon, tunneling, as discussed in detail below. 
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Figure 2.4 Schematic diagram of the scanning tunneling microscopy, produced by 

Michael Schmid and Grzegorz Pietrzak, and used under CC BY-SA 2.0 AT.1 

From an elementary model, the basic features of the tip-vacuum-sample junction 

tunneling can be described, as shown in Figure 2.5. In quantum mechanics, the static 

state of an electron in the potential described by U(z) can be represented by a 

wavefunction y(z) which satisfies time-independent Schrödinger's equation, 

 
ᴐ

‪ ᾀ Ὗᾀ‪ ᾀ Ὁ‪ ᾀ,  (2.1) 

When E>U(z), Eq. (2.1) has a solution 

                                                 

1 https://creativecommons.org/licenses/by-sa/2.0/at/deed.en 

https://commons.wikimedia.org/wiki/File:ScanningTunnelingMicroscope_schematic.png
https://commons.wikimedia.org/wiki/User:Schmid
https://commons.wikimedia.org/wiki/User:Vindicator
https://creativecommons.org/licenses/by-sa/2.0/at/deed.en
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 ‪ ᾀ ‪ πὩ , (2.2) 

where 

 Ὧ
ᴐ

, (2.3) 

is the wave vector and n is the quantum number. 

When E<U(z), Eq. (2.1) has a solution 

 ‪ ᾀ ‪ πὩ , (2.4) 

where 

 ‖
ᴐ

, (2.5) 

is the decay constant. 

 

Figure 2.5 An illustration of STM mechanism: the one-dimensional 

metal-vacuum-metal tunneling junction. The sample (left) and the tip (right) are 

modeled as semi-infinite pieces of free-electron metal. The work function is 

represented as f, defined as the minimum thermodynamic work required to remove an 

electron from the bulk to the vacuum level. Neglecting the thermal excitation, the 
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Fermi level, EF, is the upper limit of the occupied states in a bulk metal. Here, the 

work functions of tip and sample are assumed to be equal. The bias voltage leading to 

the realignment of Fermi levels of sample and tip is represent as eV. The spatial width 

of vacuum (energy barrier) is indicated as S.90 

By applying a bias voltage V, the electrons at the state yn with energy level En lying 

between EF-eV and EF have a chance to tunnel into the tip. The probability, h, for an 

electron in the nth state to penetrate a certain barrier of S is 

 –θ ȿ‪ πȿὩ . (2.6) 

We can assume that bias V is much smaller than the value of the work function, i.e., 

eVḺf, then 

 ʆ
ᴐ

,  (2.7) 

is the decay constant of the sample states close to Fermi level in the energy barrier 

region. 

The tunneling current is directly related to the number of states on the sample surface 

within the energy interval eV. It is convenient to define the local density of states 

(LDOS), rs(z, E), as the number of electrons per unit volume per unit energy at a 

given point in space and a given energy. 

 ʍ ÚȟὉ В ȿ‪ ᾀȿ. (2.8) 

Including all the energy states within the energy interval, the tunneling current can be 

written in terms of the LDOS of the sample or tip (depend on the direction of bias 

voltage): 
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 )θ 6ʍ πȟὉ Ὡ . (2.9) 

 

Figure 2.6 The Bardeen approach of tunneling theory.90 

However, this elementary model does not consider the thermal activation and solving 

Schrödinger's equation of whole system is typically difficult. Instead of trying to solve 

the equation for the coupled system (Figure 2.6a), Bardeen developed an approach 

based on perturbation theory 91 starting with two free subsystems (Figure 2.6b and c) 

to calculate the tunneling current through the overlap of the wavefunctions of free 

systems using Fermiôs golden rule. 

With a bias voltage V, the total tunneling current is 

 )
ᴐ
᷿ ὪὉ Ὡὠ ‭ ὪὉ ‭ ” Ὁ Ὡὠ ‭” Ὁ ‭ȿὓȿὨ‭, (2.10) 

where ὪὉ ρ ὩὼὴὉ Ὁ ȾὯὝ  is the Fermi distribution function, and 

rS (E) and rT(E) are the density of states (DOS) of the sample and the tip. M is the 

tunneling matrix element determined by the overlap of the surface wavefunctions of 

the two subsystems at a separation surface, expressed as 

 ὓ
ᴐ
᷿ …z ‪ᶻ

ᶻ
ὨὛ, (2.11) 
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where c and j are the wavefunctions of tip and sample. 

According to Eq. 2.10, the intensity of tunneling current is determined by the LDOS 

of sample and tip (rS and rT), bias voltage (EF-eV) and tip-surface distance (M). 

When STM is conducted in the constant current mode, for a given bias voltage, the 

measured signal actually is the convolution of LDOS within the energetic internal 

(EF-eV) and the topology (z position). Therefore, an STM image is not a purely 

topographic image, but also contains the LDOS information. By changing the bias 

voltage, the involved energetic interval LDOS (EF-eV) can be modified. Thus, 

different bias voltage typically will give different image contrast. 

In practice, STM requires an extremely flat substrate, down to atomic level, because 

STM tips have difficulties in scanning very steep features. For ambient conditions, 

HOPG is the most commonly used substrate since it is a naturally layered inert 

material and the fresh large flat surface can be easily prepared through peeling away 

the top layer by an adhesive tape. 

If STM is performed at the solution/solid interface, the organic solvents in use 

typically comply with the following requrements: (1) for the sake of convenience, 

they should have a low vapor pressure so that the STM measurements are performed 

under a relatively constant environment without the need of a closed cell, (2) under 

the experimental conditions (applied bias between tip and sample), they should be 

electrochemically inert, (3) the compound of interest can be dissolved in them, and (4) 

they have a low affinity for adsorption on the substrate used unless solvent adsorption 
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is explicitly desired.161 
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Chapter 3.  Solution and air stable host/guest 

architectures from a single layer covalent organic 

framework 

Daling Cui, Jennifer M. Macleod, Maryam Ebrahimi, Dmitrii F. Perepichka and 

Federico Rosei. Chem. Commun. 2015, 51, 16510-16513. 

Daling Cuiôs contribution: the collection and analysis of data, drafting manuscript.  

3.1. Introduction  

COFs have gained considerable attention, since first being synthesized in 2005,39 as 

robust porous crystalline solids that can be synthesized to incorporate 

application-specific functionalization.92-93 By employing precursor molecules with 

different functional groups, boronic acid(BA)-based COFs can be tailored for specific 

applications, for example the storage of hydrogen 94-95 and other gases,96-97 or 

photoconductivity.98-99 A number of investigations, both experimental100-101 and 

theoretical,102-103 have focused on bulk heterojunctions formed by COFs with ordered 

charge donors and acceptors, targeting applications in photovoltaics.  

The layered structure of COFs is analogous to the packing of graphene into graphite, 

with non-covalent (dispersive and electrostatic) interactions stabilizing the basal 

planes defined by the 2D COFs104 into 3D crystals. There is hence considerable 

interest is isolating 2D sheets of COF, motivated by analogy with the exceptional 
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materials properties of graphene.105-106 COF platelets several layers thick can be 

produced by delaminating 3D COFs through sonication107-108 or mechanical 

exfoliation.109 The direct synthesis of single layer 2D COFs on a substrate addresses 

the advantage of defining the orientation of the COFs, which is necessary for most 

device applications,110-111 and allows for the use of tailored vapor-solid reactions to 

produce 2D COFs.112  

The surface-confined synthesis of COFs has previously been carried out by 

self-condensation of BDBA under UHV. Under these conditions, the rapid removal of 

the by-product water molecules precludes reversibility and leads to a relatively 

disordered network of poly(BDBA),45, 113 a single layer of COF-1.39 When 

synthesized on-surface under ambient pressure and elevated humidity, defect 

correction within the COF lattice leads to improved structural order.48-49 As has been 

demonstrated in 3D COFs,114 the range of available BA derivatives allows to tune the 

structural properties of surface-synthesized COFs.50  

On the other hand, extensive work has been carried out on surface-confined, single 

layer H/G architectures where the host is a noncovalent porous molecular network 

stabilized by, e.g., hydrogen bonds,55, 76, 81 vdW interactions,54, 57, 115 or metal-organic 

coordination.116 The formation and characterization of these H/G networks has been 

performed under both UHV conditions59, 76, 115-116 and at the solution/solid 

interface.54-55, 81 Compared with these non-covalent networks, the robustness of COFs 

presents an advantage for preparation of systems with covalent guest molecules, 
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opening the door to a range of new functional host-guest materials. 

In this chapter, we report on the synthesis of a single-layer H/G structure that uses 

HOPG-supported COF-1 as the host template. This template stabilizes fullerene 

guests at the solution/solid interface; in turn, the solution/solid structure can be dried 

to produce an air-stable H/G architecture. The insertion of guest molecules can also be 

implemented using a ñdipstickò method, wherein substrate-supported COF-1 is dipped 

into a solution of fullerene molecules and allowed to dry. These results indicate that 

single-layer COFs may be suitable for applications in molecular sensing or trapping as 

H/G architectures, and reveal a simple synthesis route that can be applied to the 

fabrication of 2D donor/acceptor networks.  

3.2. Results and discussions 

 

Figure 3.1 (a) Image revealing molecular resolution of the COF-1 structure (top) and 

atomic resolution of the underlying HOPG (bottom). Image conditions: bias voltage 

V=-800 mV, tunneling current I=100 pA (top); V=-19 mV, I=1000 pA (bottom). (b) 
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Autocorrelation of the image shown in (a). The small lattice (HOPG) and the large 

lattice (COF-1) have a clear commensurate relationship. The COF-1 aligns with the 

HOPG along both lattice directions, with each unit vector having an identical length of 

six HOPG lattice constants.  

The COF-1 template was prepared on HOPG according to methods previously 

described in the literature (see Experimental Methods).49-50 Boroxine (B3O3) rings are 

formed through cyclocondensation of three BDBA monomers to produce an extended 

structure of COF-1, which consists of hexagonal cavities. STM measurements that 

simultaneously reveal the atomic lattice of HOPG and the COF-1 mesh indicate that 

COF-1 aligned with HOPG with a φ φ epitaxial unit cell, as shown in Figure 3.1. 

This corresponds to a lattice parameter of 1.476 nm, and suggests a slight 

compression with respect to x-ray diffraction measured periodicity of 1.54 nm for 

bulk COF-1 solid.39 In all experiments, the presence of COF-1 on the HOPG surface 

was confirmed using STM, which revealed the distinctive honeycomb lattice 

extending over domains tens of nanometers in size. 

After confirming the presence of COF-1 on the surface, a solution of C60 fullerene in 

heptanoic acid was applied drop-wise to the COF. Following the application of the 

fullerene solution, COF-1 was still evident in STM images, and stable adsorption of 

fullerenes was observed.  
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Figure 3.2 H/G structures at the solution/solid interface. The images in (a) and (b) 

show the observed fullerene adsorption geometries, denoted as top site and pore site, 

respectively. The structures in (c) and (d) show proposed models for these adsorption 

sites. Scanning conditions: bias voltage V=-800 mV, tunneling current I=100 pA. 

Image widths (a) 5.3 nm and (b) 7.7 nm. 

Using a dilute fullerene solution (2 10-5 M), a relatively low fullerene guest 

occupation density was obtained, allowing the position of the fullerene guest 
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molecules to be discerned clearly, as shown in Figure 3.2a and b. Two different 

fullerene adsorption sites can be identified. In Figure 3.2a, COF-1 is discernible as a 

low-contrast hexagonal template, whereas bright protrusions indicate the positions of 

the fullerene molecules. In this image, the fullerene molecules do not lie within the 

pores of the host structure, as is typically observed for other systems;55, 60, 115 instead, 

each fullerene molecule is adsorbed on top of a boroxine ring of the COF. We denote 

this site, shown schematically in Figure 3.2c, as a top site. A similar adsorption on top 

of the host framework was observed for C60 adsorption on oligothiophene 

macrocycles, where a stable 1:1 donor-acceptor complex is formed between the C60 

and the electron rich oligothiophene macrocycle.54 Electrostatic forces are also 

significant in COF-1 as evident from the bulk 3D crystal structure of COF-1. The 

latter exhibits ABAB (staggered) packing of the 2D basal planes, which positions a 

benzene ring above each boroxine ring.39 
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Figure 3.3 Consecutive STM images of H/G architecture: (a) the starting geometry 

with a small domain of C60 guest molecules inside the host template; (b) final geometry 

in the same area with C60 molecules in a new distribution which demonstrates a 

transfer of guest molecules induced by STM tip. Image width: 8.5 nm. Scanning 

conditions: bias voltage V=-800 mV, tunneling current I=100 pA. 

The fullerene guests can also adsorb within the pores of the BDBA mesh. We denote 

this adsorption site as the pore site and assign it as slightly off-center within the 

BDBA pore (Figure 3.2d). In Figure 3.2b, the fullerene guests appear localized at the 

lower side of the COF-1 pores. Since this image was acquired by scanning in an 

upward direction, we interpret the asymmetric appearance of the guests as resulting 

from an off-centre adsorption (rather than, e.g., attractive tip-sample interaction, 

which we would expect to lead to bright contrast at the top of the pores). The 

tip-sample interaction effect is shown in Figure 3.3. The adsorption site appears to 

occupy the same position within the pore for all fullerene guests observed in Figure 

3.2b. We previously observed similar domain-wide positioning of fullerene guests in 

hydrogen-bonded oligothiophene host networks, where we attributed the domain-wide 

organization to the electrostatic ordering resulting from a partial charge transfer to the 

fullerene.83 

Although we did not perform a systematic study, we anecdotally observed a 

preference for top-site adsorption of fullerenes (top-site adsorption is observed 

approximately ten times more frequently than pore-site adsorption). Adsorption of 
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heptanoic acid within the pore, as has been postulated for other porous 2D 

nanostructures at the solution/solid interface,117 could affect the adsorption kinetics of 

pore-site fullerene, making top-site adsorption favourable (Discussed in chapter 4). 

Our molecular mechanics calculations (Section 3.5) suggest that pore-site fullerene 

adsorption is energetically preferred with respect to adsorption on the COF. Between 

the possible adsorption sites on the COF, adsorption over a boroxine ring is favoured 

with respect to adsorption over a phenyl ring. Gas-phase density DFT also indicate an 

energetic preference for fullerene adsorption over the boroxine compared to the 

benzene. 

 

Figure 3.4 H/G structures at the air/solid interface. The images in (a) and (b) show top 

site adsorption and image in (c) shows pore site adsorption, respectively. (a) shows an 

isolated fullerene molecule and (b) is a stable domain of  top site adsorption of C60 

molecules at air/solid interface. Imaging parameters: voltage V=-800 mV, tunneling 

current I=100 pA. Image width: (a) 5.6 nm (b) 17.2 nm (c) 5.4 nm. 

We were able to obtain and image dried films of the COF-1/fullerene H/G system by 

allowing the solvent to evaporate in ambient, as shown in Figure 3.4. Figure 3.4a 
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demonstrates a difference between adsorption at the solution/solid interface and the 

air/solid interface: at the air/solid interface, and with sparse guest population, top-site 

C60 can be moved laterally along the rim of the COF by the STM tip. We could not 

similarly manipulate the top-site fullerenes at the solution/solid interface, suggesting 

that the solution may play a role in stabilizing the fullerenes in this site, or that the C60 

can be easily removed to solution by the tip. We also found that the top-site fullerene 

guests in dried films could not be moved with the tip when the relative concentration 

of guest molecules was high, see Figure 3.4b, suggesting that isolated guest molecules 

are destabilized with respect to those contained in a regular lattice of guests. 

 

Figure 3.5 Schematic illustration of dipstick synthesis of COF-1/fullerene H/G 

structure. The image in (b) shows the as-synthesized COF-1 on HOPG. Following 

immersion into a solution of C60 in heptanoic acid (a) and subsequent drying, STM 
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images like that in (c) reveal COF-1 populated with C60 guest molecules. Imaging 

parameters: voltage V=-800 mV, tunneling current I=100 pA.  

The dried H/G monolayer could also be conveniently obtained through dipstick 

method: following the preparation of COF-1 on HOPG, the HOPG substrate was 

dipped vertically into a suspension of fullerene in heptanoic acid with a nominal 

concentration of 10-3 M. The substrate was held in the solution for less than five 

seconds, and was subsequently left to dry under ambient conditions for 12 hours 

(Figure 3.5). Images acquired after air drying (Figure 3.5c) revealed near complete 

occupancy of the COF-1 host by C60 guest molecules. We conducted control 

experiments in which a HOPG substrate without COF-1 was dipped into a fullerene 

suspension of the same nominal concentration (10-3 M) and allowed to dry. In this 

case, STM imaging did not reveal any molecular structures at the surface. Instead, 

only typical HOPG features were present, suggesting that the stabilization of the 

fullerene molecules on the HOPG is dependent on the formation of a COF-1/fullerene 

H/G structure.  

3.3. Conclusions and perspectives 

We have shown that COF-1 can act as a robust host for C60 fullerene guest molecules 

at the solution/solid interface and under ambient conditions, demonstrating the 

possibility for COF-based host/guest architectures at monolayer thickness. At both the 

solution/solid interface and in dried films, COF-1 presents a lattice with two distinct 
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fullerene adsorption sites: a pore site, where the C60 molecule is adsorbed on the 

underlying HOPG, and a top site, where the fullerene is adsorbed on the boroxine ring. 

Dried COF-1/fullerene films can be produced either through drop deposition or by 

dipping the HOPG-supported COF-1 into the fullerene solution. The predictable 

trapping of fullerene molecules using COF-1 represents a proof-of-principle example 

of the utility of 2D boronic acid based COFs for applications in sensing or trapping 

molecules where the COF is exposed to a solution containing the target molecule. 

Since boronic acid derivatives can form a wide variety of template architectures with 

different functionalizations, this approach has an inherent flexibility  that could be 

exploited to produce surface-mounted sensors amenable to integration into device 

architectures.  

3.4. Experimental methods 

Synthesis of BDBA COFs: BDBA COFs were formed following procedures 

described previously.49-50 1 mg of 1,4-benzenediboronic acid (Tokyo Chemical 

Industry Co. Ltd) was added to 1.5 ml heptanoic acid (99%, Sigma- Aldrich), and then 

sonicated for approximately 30 min. This produced a whitish suspension 7.5 ʈÌ of 

this BDBA suspension was dropped onto freshly cleaved HOPG (Structure Probe 

International, grade SPI-2) and put into a reactor with a volume of ~16 ml. 130 ʈÌ 

deionized water was added to the bottom of the reactor, and a valve to ambient was 

left slightly open to maintain an open system. The entire reactor was placed in an 
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oven preheated to 125  and left for 60 min. After the thermal treatment, the reactor 

was taken out of oven and allowed to cool for at least 20 min before the samples were 

removed. Subsequently, the samples were characterized by scanning tunnelling 

microscopy at the solid/air interface.  

H/G synthesis by drop-casting: Following the experiment of drop-wise test, 10 ʈÌ of 

a solution of fullerene (99.5%, Sigma- Aldrich) in heptanoic acid (99%, Sigma- 

Aldrich) with a concentration of 210-5 M, close to saturation,118 was applied onto a 

substrate with a previously-grown BDBA COF. Dried films were formed by leaving 

these same samples in ambient for 12-16 hours. 

H/G synthesis by dipstick: Following the experiment of dipstick test, the HOPG 

substrate with preparation of BDBA COFs was dipped into a suspension of fullerene 

(10-3 M) in heptanoic acid. The HOPG was held in the solution for less than five 

seconds and was subsequently left to dry under ambient conditions for 12 hours. 

STM measurements: STM was performed at room temperature under ambient 

conditions, using a Digital Instruments STM equipped with a Nanoscope IIIa 

controller. Tips were cut form Pt0.8Ir0.2 wire (Nanoscience Instruments). Bias voltages 

are reported with respect to the STM tip. STM images were processed using the free 

WSxM software.119 The images were rendered using the standard grayscale color 

mapping, after which false colour (brown) was overlaid on the COF-1 in Figure 3.2. 
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3.5. Calculations 

Adsorption geometries for fullerene adsorption were investigated using molecular 

mechanics calculations using MM+ as implemented in HyperChem.5 A cluster 

representing COF-1 was placed on top of larger hexagonal graphene cluster (Figure 

3.6) all coordinates of which were frozen. The optimization was run until the energy 

change was <0.000001 kcal/mol over 100 cycles. The achieved gradient was <0.02 

kcal/mol/Å (in most cases <0.01 kcal/mol/Å). 

The COF-1 was found to be the most stable with its unit cell vector coaligned with the 

graphene zigzag direction. Alignment along the armchair direction was disfavoured 

by 0.2 kcal/mol. Although the structure for the COF-1 pore does not reflect the exact 

epitaxial relationship identified in our experiments, we expect that the geometry used 

in these calculations correctly captures the relative energetics between the different 

adsorption sites. 

Fullerene adsorption was examined for the pore site, and for two possible top site 

adosorptions: over a boroxine ring and over a phenyl ring in the COF-1. In all cases, 

C60 is most stable when adsorbed with a hexagonal ring facing down. 

The most stable adsorption was found to be in the pore site, at Eb = -32.1 kcal/mol. 

This was followed by adsorption in a boroxine top site (Eb = -11.2 kcal/mol) and 

finally a benzene top site (Eb = -10.2 kcal/mol). The calculated geometries are shown 

in Figure 3.6. 

Using gas-phase density functional theory (DFT), as implemented in the Gaussian09 
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software,139 we considered the adsorption geometries of the fullerene molecules above 

the COF-1 pore. Since the graphene layer was not included in these calculations, 

several dihedral angles were frozen in the COF-1 pore in the vicinity of the fullerene.  

Calculations were performed at the B3LYP/6-31G level, which we do not expect to 

capture all relevant dispersive interactions. B3LYP Calculations of the 

fullerene/COF-1 geometries converged with respect to forces (both force and 

root-mean-square force) and revealed the same relative energetics indicated by the 

molecular mechanics calculations: adsorption above the boroxine was favoured as 

compared to adsorption above the benzene (calculated Eb values were -1.31 kcal/mol 

for adsorption above boroxine and -0.48 kcal/mol for adsorption above benzene). 
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Figure 3.6 molecular mechanics calculated geometries for pore site adsorption (a), top 

site adsorption over a phenyl ring (b) and top site adsorption over a boroxine ring (c). 

Oxygen atoms are represented by red, carbon atoms (fullerene and COFs) are 

represented by blue and carbon atoms (graphite) are represented by green.
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4.1. Introduction  

H/G chemistry in two-dimensional (2D) supramolecular networks has been 

extensively studied as a means to immobilize a variety of guest molecules, with 

potential applications in separation technology, molecular recognition, sensing, 

catalysis and nanoscale patterning.22, 120 In general, H/G networks rely on hierarchical 

interactions: the interaction binding the host together is stronger than the interaction 

binding the guest to the host. The host networks are typically sustained by hydrogen 

bonding,55, 74, 76, 83 vdW forces,54, 121 or metal-ligand interaction,116 whereas the 

adsorption of guest molecules mainly occurs via weaker interactions, typically 

London dispersion forces with the host as well as with the underlying substrate. 

However, moving away from self-assembled templates may offer some new 

opportunities for the stabilization of guest molecules. 2D COFs have recently been 

explored as host system,80, 122-123 opening the possibility of using stronger interactions 

to stabilize molecules into the pores. COF-1, a well ordered 2D porous material that 
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can be synthesized through the on-surface polycondensation of BDBA,50 is a 

promising candidate for this application. 

The mutually specific recognition between the host network and the guest molecules, 

i.e., a form of molecular recognition, is at the core of hostïguest chemistry.124-125 

Design strategies for selectivity in guest bonding have often relied on tuning the host 

geometry, such as pore size 60-61, shape 62 and chirality.64 Much less is known about 

how to use the interaction between host and guest.126 This is mainly due to limitations 

of hierarchical interaction strength imposed by self-assembled host templates. This 

aspect can be addressed by using a covalently-bonded template, such as COF-1, 

which enables a route to molecular recognition through a range of different 

interactions, including hydrogen bonding, halogen bonding or vdW interactions. 

Here, we show that a template of COF-1 can host 1,2,4-trichlorobenzene (TCB) guest 

molecules that are stabilized through XéH hydrogen bonding. The adsorption is 

enabled through a combination of factors, including host pore size and shape, and 

specific stereochemical arrangement of binding sites. By introducing a solution of C60 

in TCB onto the COF-1 template, we observe that selective adsorption of C60 on the 

top-sites of the COF-1 template is obtained simultaneously by trapping TCB within 

the pore-site. This work demonstrates a strategy to separate and recognize molecules 

through different interactions within a covalent porous 2D template. 
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4.2. Results and discussions 

 

Figure 4.1 (a) STM image of COF-1 synthesized in TCB, collected at the air/solid 

interface. Image width: 60 nm. Scanning conditions: V= -1000 mV, I= 100 pA. (b) STM 

image of COF-1 synthesized in heptanoic acid, collected at the interface of heptanoic 

acid and HOPG. A small domain of Phase II is marked by black circle. Image width: 60 

nm. Scanning conditions: V= -800 mV, I=100 pA. 

Using TCB as solvent, the synthesis of COF-1 on HOPG produces a high density of 

small domains across the surface, as shown in Figure 4.1a. The obtained 

surface-confined porous network is qualitatively identical to the one formed using 

heptanoic acid as solvent.80 In both cases, the large COF sheets appear to comprise 

multiple domains that have grown together, leaving disordered regions evident at the 

domain boundaries. However, when using TCB, we also observed ordered domain 

boundaries, as described below. 
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Figure 4.2 (a) COF-1 STM image showing the grain boundary consisting of pentagon 

and heptagon rings, connecting two domains rotated by 30±1º with respect to one 

another, as shown by the dashed and solid black lines. The image was collected at the 

interface of TCB and HOPG. Image width: 15 nm. Scanning conditions: V= -1000 mV, 

I= 100 pA. (b) The epitaxy of COF-1 and HOPG at grain boundary region. Phase I: 

a1= a2= 1.476 nm; Phase II: b1= b2=1.42 nm. Image width: 9.6 nm. (c) Schematic 

structure of the rotational grain boundary identified in (b), i.e., a loop defect with C6 

symmetry. Five- and sevenfold rings are shaded by blue and green, respectively. (d) 

Line profile of the measured height along the black solid line in (a). The positions of 

benzene rings in COF-1 are marked as × and the positions of adsorbed TCB molecules 

are marked as ƺ. 

As shown in Figure 4.2a, the COF-1 polycrystalline film synthesized in TCB 

comprises two different domain orientations tilted at an angle a=30±1з to each other 

and separated by a grain boundary (GB). In our analysis of the epitaxial relationship 

of COF-1 and HOPG (Figure 4.2b), we attribute the dominant domain as Phase I, i.e., 
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the COF-1 lattice aligned with HOPG with a φ φ epitaxial unit cell, which 

corresponds to a lattice parameter of a1=1.476 nm, as reported in previous work.80 The 

lattice of Phase I is represented by small blue hexagons in Figure 4.2b. The smaller 

domain is denoted as Phase II. The orientation of this domain, along the HOPG 

armchair direction, is nearly commensurate for a 10¦ 10 superstructure 

(corresponding to 3¦3 unit cells). We previously calculated that the phase II epitaxial 

orientation of COF-1 should be energetically disfavoured,80 consistent with our 

infrequent experimental observation of the phase. Phase II has also occasionally been 

observed for COF-1 synthesized from heptanoic acid (See Figure 4.1b) 

The GB region in Figure 4.2 consists of elementary topological defects, pentagons 

(shaded blue) and heptagons (shaded green). These defects represent some of the 

basic building blocks of the disordered COF-1 network that have been observed on 

oriented noble metal surfaces under UHV,43, 46 where the random distribution of these 

topological defects can be attributed to kinetic trapping during synthesis, since the 

water-driven self-correction mechanism is not available under UHV conditions. 

However, the ordered pentagonal/heptagonal defects that we observe in this work are 

directly analogous to defects formed in another single layer covalent system, i.e., 

single layer graphene.127-129 According to the atomic model proposed by Cockayne et 

al.,130 the chain of alternating pentagon and heptagon defects is consistent with a loop 

GB of graphene, as shown in Figure 4.2c. Compared with the linear GB, reported by 

Xu et al. in COFs formed by benzene-1,3,5-tricarbaldehyde (BTA) and 
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p-phenylenediamine (PDA),131 the loop defect boundary has the lowest energy per 

dislocation core, suggesting that this defect is likely to form under conditions where 

mobile dislocations exist. This is consistent with our COF-1 synthesis method, since 

defect correction within the COF lattice leads to improved structural order under 

humid synthesis conditions.50 In our case this translates to the minimization of energy 

at domain boundaries through the inclusion of well-defined Stone-Wales type 

defects.127 

The presence of the loop boundary defect enables us to identify the adsorption of TCB 

in the COF-1 pore. Figure 4.2d shows the apparent height profile along the zigzag 

direction of Phase I COF-1 lattice (the black solid line in Figure 4.2a). The adsorption 

of TCB in hexagonal rings can be clearly distinguished by comparison with the 

apparent height of the heptagonal ring. 

 

Figure 4.3 (a) The detailed STM image of one TCB molecule adsorbing into the 

hexagonal ring formed by COF-1. Image width: 2.1 nm. Scanning conditions: V= 
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-1000 mV, I= 100 pA. (b) DFT-calculated structure of one TCB in hexagonal pore 

(M06-2X/LANL2DZ). Dashed blue and black lines represent the interactions of CléH 

and CléO, respectively. 

High resolution STM images allow us to elucidate the host-guest structure formed by 

the hexagonal pore of COF-1 and TCB molecule, as shown in Figure 4.3a. The six 

phenyl rings in the backbone of COF-1 can be easily distinguished, as are 

submolecular features associated with the adsorbed TCB molecule. These features 

may correspond to the three chlorine atoms or contrast of the benzene ring, and their 

presence suggests stable adsorption of the TCB molecule (i.e. that the molecule is not 

rotating).59 Our gas-phase DFT calculations suggest that the TCB adsorption is 

stabilized through CléH hydrogen bonding interactions, as indicated in Figure 4.3b; 

consistent with previous work, we identify these interactions through Cl...H distances 

that are shorter than the sum of the Cl and H vdW radii, as shown in Table 4.1.132-133 

The electron density associated with the chlorine atoms in the TCB molecule is 

anisotropically distributed, as shown in Figure 4.6.134 The nucleophilic belt 

orthogonal to the covalent bond, with higher electron density and showing negative 

electrostatic potential, forms XéH hydrogen bonds with neighboring hydrogen atoms 

on the COF-1 backbone (dashed blue line).135 Although the ů-hole of the chlorine 

atoms points toward the nucleophilic oxygen atom of the COF-1 (dotted black line in 

Figure 4.3b), the interaction between the chlorine and the oxygen is screened by the 

hydrogens on the phenyl rings, as shown in Figure 4.6. Our DFT calculation confirms 



60 

 

that the chlorine-oxygen distance is too large (~4.38 Å) to allow significant 

interaction. 

 

Figure 4.4 (a-c) The sequential collection of STM images showing the evolution of 

adsorption of TCB in the grain boundary defects. Different geometries are marked by 

different dashed color circle: heptagonal ring (green circle); hexagonal ring (red 

circle); pentagonal ring (blue circle). Image width: 5.8 nm. Scanning conditions: V= 

-1000 mV, I= 100 pA. 

The presence of the pentagonal/heptagonal defects at the GB allows us to explore the 

topological and pore size dependence of the guest molecule adsorption. In previous 

work, fullerene guest molecules were shown to preferentially adsorb in the 

irregularly-shaped pores present at domain boundaries in a nanoporous 

hydrogen-bonded network of TMA.81 However, in contrast to the TMA network 

where the domain boundary dynamically evolves,136 the loop defects in COF-1 are 

stable during STM scanning and present a well-defined molecular template, as shown 

in Figure 4.4. The diameters of pentagonal rings (blue dashed line) and heptagonal 

rings (green dashed line) are 1.381 nm and 1.959 nm respectively, as compared to the 
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hexagonal pore size (red dashed line) of 1.758 nm.46 Pores of different sizes can 

adsorb different numbers of guest molecules, as shown in Figure 4.4a-c. There is no 

adsorption of TCB in pentagonal rings; basic considerations reveal that a TCB 

molecule cannot be included in this pore without creating interference between 

hydrogen atoms on the TCB and the pentagonal ring (multiple HéH contacts with 

distances smaller than twice the hydrogen vdW radius), as shown in Figure 4.7. 

Two TCB molecules can adsorb simultaneously in the heptagonal pore, as shown in 

Figure 4.4. The adsorption of a different number of guest molecules within different 

pore sizes drives from the commensurability of host and guest molecules. Networks 

with sufficiently large cavities can host clusters of molecules.76, 82, 116 The adsorption 

of TCB in porous self-assembled networks has been reported previously for 

large-pore self-assembled templates,26, 61 including instances where TCB was trapped 

in close-packed domains within the pore.26, 137 In the present study, DFT calculations 

suggest that both inter-TCB CléCl interactions and TCB-COF CléH interactions 

stabilize the adsorption of the TCB pair within the heptagonal pore (Figure 4.8). 

The occupation states of the pentagonal and hexagonal pores appear unchanged with 

time under STM scanning: the pentagonal pores remained empty, whereas the 

hexagonal pores retain a single TCB molecule. Conversely, the adsorption of TCB 

molecules in heptagonal rings exhibits dynamical change. The 

adsorption-desorption-readsorption process of two TCB molecules can be clearly 

distinguished in STM images, as marked by green circles in Figure 4.4a-c. Although 
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both empty pores and double-occupied pores were observed, we did not detect the 

intermediate state, i.e., single TCB adsorbed in a heptagonal ring. The most likely 

explanation for this is the relatively weak stabilization for an individual TCB 

molecule in a heptagonal pore. Unlike the matched symmetry between the TCB and 

the hexagonal pore, the reduced symmetry of the heptagonal pore is a poor match for 

the TCB molecule, reducing the number of possible CléH contacts for a single 

molecule, and rendering single-molecule adsorption unfavourable. 

 

Figure 4.5 (a) The top-site selective formation in C60/COF-1 system. Image width: 12 

nm. Scanning conditions: V = -800 mV, I = 100 pA. (b) Schematic image of top-site 

selective formation in C60/COF-1 system. The shaded blue circles over benzene rings 

represent the closed packed background in STM image. Top-site C60 molecules are 

placed over boroxine rings, corresponding to the large bright spots in (a). 

Previous work showed that C60 introduced from solution containing heptanoic acid as 

solvent adsorbs on the COF-1 template in two different sites, the top-site and 
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pore-site.80 The top-site geometry corresponds to the adsorption of fullerene molecule 

on the boroxine ring and pore-site corresponds to the adsorption of a fullerene 

molecule in the hexagonal pore. Our present experiments reveal that C60 introduced 

from solution in TCB exhibits a different behaviour, as shown in Figure 4.5a. Our 

interpretation of the STM data is shown in Figure 4.5b, that is consistent with the 

results obtained in the absence of C60. Therefore, we attribute the tightly-packed 

hexagonal pattern to TCB molecules adsorbed in the COF-1 pores (indicated as 

shaded blue circles in Figure 4.5a and b), and the high-contrast, larger-periodicity 

hexagonal domain to C60 molecules adsorbed on top-sites. The top-site adsorption of 

C60 is consistent with the calculated geometry, where the architecture is stabilized by 

vdW interactions.80 

The growing body of literature on H/G architectures based on COF-1 suggests that the 

solvent used for C60 deposition plays an important role in the adsorption of the guest 

molecules. Plasô work shows that C60 molecules grow layer-by-layer sequentially 

from COF-1 template dispersed in 1-phenyloctane, suggesting that the solvent does 

not compete with C60 for adsorption in the pore site.122 Using heptanoic acid as 

solvent, we anecdotally observed a preference for top-site adsorption of fullerenes, 

suggesting that heptanoic acid may compete for adsorption in the pore-site. Combined 

with the present results, this suggests that the solvent can be used to select the initial 

adsorption site for fullerenes, that is TCB and 1-phenyloctane will select for top-site 

and pore-site adsorption, respectively; whereas heptanoic acid cannot predictably 
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select between the adsorption sites. 

4.3. Conclusions and perspectives 

A 2D porous COF-1 layer was synthesized on HOPG from solution in TCB. Two 

different epitaxial orientations of COF-1 were observed, with a well-defined loop 

boundary defect formed by a chain of pentagonal ring and heptagonal ring separating 

the two domain orientations. STM images collected at the TCB/solid interface reveal 

the adsorption of TCB within the hexagonal pores of the COF-1 template. Our DFT 

calculations show that this host/guest structure is stabilized by CléH hydrogen 

bonding. The presence of the loop boundary defect permitted the investigation of the 

effect of pore shape and size on TCB adsorption: no TCB was adsorbed in the 

pentagonal pores, but the larger heptagonal pores accommodated two TCB molecules, 

stabilized thorough a combination of CléH and CléCl bonding. Including C60 in the 

TCB solution allowed us to investigate the molecular recognition of template. When 

both C60 and TCB are present at the solution/solid interface, TCB molecules are 

selectively trapped in the pores of the COF-1 template, whereas fullerenes adsorb on 

top of the COF-1 in sites identified as top sites. The selective adsorption of TCB and 

C60 in COF-1 suggests that the different adsorption sites in the COF-1 lattice can be 

used to separate guest molecules by different interactions, opening opportunities for 

applications in molecular patterning and recognition. 
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4.4. Experimental methods 

Synthesis of BDBA COFs: Monolayer COF-1 on HOPG was formed through a 

modification of procedures described previously, where heptanoic acid was used as 

solvent.49-50 In the present experiments, 1.8 mg of 1,4-benzenediboronic acid (Tokyo 

Chemical Industry Co. Ltd) was added to 1.2 ml 1,2,4-trichlorobezene (99%, Sigma- 

Aldrich), and then sonicated for approximately 30 min. This produced a whitish 

suspension. 15 ʈÌ of this BDBA suspension was dropped onto freshly cleaved HOPG 

(Structure Probe International, grade SPI-2) and placed into a reactor with a volume 

of ~16 ml. 130 ʈÌ of deionized water was added to the bottom of the reactor, and a 

valve to ambient was left slightly open to maintain an open system. The entire reactor 

was placed in an oven preheated to 125 Ņ and left for 60 min. After the thermal 

treatment, the reactor was taken out of the oven and allowed to cool down for at least 

20 min before the samples were removed. 

H/G synthesis: Following the confirmation of monolayer COF-1 on the HOPG 

surface using STM, 15 ʈÌ of 1,2,4-TCB (99%, Sigma-Aldrich) was applied onto the 

substrate. Subsequently, the samples were characterized by STM at the solvent/solid 

interface. To investigate the adsorption of fullerenes, 15 ʈÌ supernatant solution of 

C60 (99.5%, Sigma- Aldrich) in 1,2,4-TCB was applied onto a pre-prepared COF-1 

template. 

STM measurements: STM was performed at room temperature at the liquid-solid 

interface, using a Digital Instruments STM equipped with a Nanoscope IIIa controller. 



66 

 

Tips were cut form Pt0.8Ir0.2 wire (Nanoscience Instruments). Bias voltages are 

reported with respect to the STM tip. STM images were calibrated with COF-1 lattice 

parameter (1.476 nm) using the free WSxM software119. 

4.5. Calculations 

Gas-phase DFT calculations were carried out using Gaussian09.138 In previous work, 

we compared the performance of a number of functionals and basis sets for 

calculations of self-assembled systems comprising XéH and XéX interactions,27, 133 

and found that the combination of M06-2X139/LANL2DZ provides an accurate 

description of energies for halogen-bonded systems. The M06 functionals are known 

to be more accurate for systems involving non-covalent interactions and hence were 

chosen for the description of halogen-bonded system. To simulate surface adsorption, 

all geometries were constrained to remain planar. 
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Figure 4.6 (a) Molecular electrostatic potential (ESP) map (M06-2X/LANL2DZ) for 

isolated TCB in the gas phase (3D view). (b) Molecular ESP map of optimized 

geometry (M06-2X/LANL2DZ) for TCB in COF-1 hexagonal pore. The ESP maps for a 
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and b are expressed in atomic units (a.u., Rydberg/e) on 0.0004 e/Bohr3 and 0.004 

e/Bohr3 isodensity surfaces, respectively. The color scale from blue (+ve) to red (īve) 

spans the following ranges: ±0.01 a.u. for both a and b. (c) Optimized geometry of one 

TCB in hexagonal pore (M06-2X/LANL2DZ), with marking the distances of CléH 

(dashed blue line) interatomic contacts. (Only showing the distances less than the sum 

of the vdW radii for CléH contacts) 

 

Figure 4.7 Indicative geometry for TCB in pentagonal pore. All HéH distances 

between hydrogens on the TCB molecule and hydrogens on the COF-1 pore are below 

2 vdW radii for hydrogen (2rH=2.4 Å),140 suggesting that the TCB molecule cannot be 

accommodated in a planar adsorption geometry in the pentagonal pore. 
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Figure 4.8 Optimized geometry for two TCB molecules in a heptagonal pore. This 

geometry allows for CléH (dashed blue line) interactions between the TCB and the 

COF-1 pore as well as CléCl (dashed green line) interactions between the two TCB 

molecules. However, bond distances for CléH interactions are shorter than expected 

(i.e., shorter than the optimized distances found for a single TCB in a hexagonal pore, 

see Table 4.1), and unfavourably short HéH (dashed brown line) interactions exist 

between hydrogen atoms on the TCB molecules and the COF-1 pore (i.e., distances 

shorter than 2rH=2.4 Å). These closer interactions suggest that perhaps the epitaxial 



70 

 

heptagonal pore is expanded somewhat from the gas-phase dimensions reflected in this 

geometry. The inter-atom distances for CléCl, CléH and HéH are marked 

accordingly. (Only showing those less than the sum of the vdW radii) 

Table 4.1 Van der Waals radii140 and calculated inter-atom distance*  

 

*The inter-atom distances in Table 4.1 are reported by selecting smallest value in 

calculation for each case. For detailed data list, please check corresponding calculated 

graphics.
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5.1. Introduction  

Understanding structure-property relationships of materials is a central objective of 

nanoscience. This understanding is particularly critical when a molecule or compound 

can aggregate in different crystalline phases, i.e. polymorphs, which exhibit altered 

physical or chemical properties.141-143 Predicting the occurrence of polymorphs and 

producing materials with unusual structures are two important challenges in materials 

science and engineering. Polymorphism is routinely observed in both 3D and 2D 

crystals. Several parameters can control the formation of polymorphs in molecular 

crystals, such as the solvent employed,35, 144-145 temperature,26, 143 and the presence or 

absence of a substrate that may facilitate epitaxial growth.23, 146-147 

In 2D, the use of STM permits the direct visualization of molecular architectures with 
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submolecular resolution, providing detailed insights into polymorphism.16, 148 

Surface-confined 2D self-assembly can be used as a means to the controlled, 

atomically-precise nanofabrication of 3D objects149 and is regarded as a promising 

strategy to increase overall device density in the third dimension.5, 150-151 This 

approach is well-suited for the realization of tailored polymorphs with out-of-plane 

anisotropy by bottom-up methods, effectively bridging the gap between 2D and 3D 

investigations.152-154 

The growth of template networks, able to form H/G structures,22, 120 has proven to be 

an important approach for controlling crystallization into the third dimension using 

molecular building blocks. H/G structures rely on hierarchical interactions, in which 

the template is stabilized by relatively robust and directional interactions (such as 

hydrogen bonding and metal coordination) and guest molecules are templated through 

weaker interactions.25, 56, 116 In a monolayer 2D film, the architecture is governed by 

both the adsorptive interactions between the substrate and the deposited molecules (H 

and G)75, 155 and the intermolecular H/G interactions.73-74 Beyond the first layer, the 

structure is stabilized by intermolecular interactions alone. The formation of a bilayer 

H-bonded kagomé structure73 and self-aggregation of p-stacked heterocirculenes74 

have been observed as examples of growth into the third dimension, perpendicular to 

the surface, starting from a 2D H/G layer. The use of non-planar guests, e.g., 

fullerenes and their derivatives, when stabilized by weak interaction with 2D 

templates, can promote configurations that deviate from standard close-packing due to 
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the structure defined by the template.23, 75-78 The codependent relation between 

trapped fullerenes and the growth of a second layer of a supramolecular framework 

represents a cooperative interaction of H and G species.79 Although these examples 

demonstrate the possibility of arranging molecules from 2D to 3D, defining the 3D 

spatial organization of films containing small molecules still remains an important 

challenge,156 since small compounds without functional groups tend to lack 

directional interactions.157-158 

The solvent effect is also a well-known factor that may lead to different polymorphs, 

through co-adsorption effects (known as pseudopolymorphism)159-161 and 

solvent-induced polymorphism35, 37-38, 144 driven by thermodynamics or kinetics.34, 162 

For example, different polymorphs of TMA and BTB37-38 were observed subject to the 

solvent used. The solvent dependence of the formation of the molecular adlayers has 

been examined in terms of the properties of the solvents (polarity, solvophobicity, 

solubility etc.),35 solvent-solvent interactions, molecular shape, and packing 

constraints.159 Co-adsorption involving different solvent molecules allows for a 

fine-tuning of self-assembled architectures.163 However, although many reports focus 

on either the solvent or the template, less is known about how the two effects work 

jointly in molecular crystal growth. 

Here, we show that two distinct approaches to controlling crystallization, template 

and solvent, work together to define the observed out-of-plane fullerene packing in 

solution-processed fullerene films. Using a planar aromatic solvent molecule (TCB), 
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the monolayer porous COF-1 guide fullerene guest molecules to a template-defined 

close packing. Varying the solvent to an aliphatic (heptanoic acid), the fullerenes 

crystallize in a number of different less-dense polymorphs. Our STM images and DFT 

calculations collectively suggest the observed quasi-close-packed geometries are 

stabilized through co-adsorption of heptanoic acid.  

This work demonstrates the possibility to create new polymorphs and tune molecular 

packing through the synergistic effect of template and solvent co-adsorption 

simultaneously. The combination of these two effects can effectively control 

molecular packing beyond the first layer, even for highly-symmetric building blocks 

like fullerene. The ability to arrange fullerenes into distinct packing could provide a 

useful approach towards improving device performance in thin-film based 

architectures,164 such as field effect transistors 86 or photovoltaics.87 
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5.2. Results and discussions 

 

Figure 5.1 (a) Sub-molecularly resolved COF-1 template STM image collected at 

air/solid interface. Tunnelling conditions: V=-800 mV, I=100 pA. Image dimensions: 

7.1×7.1 nm2. (b) Schematic image of honeycomb COF-1 with unit cell shaded blue and 

a boroxine ring together with three neighbor benzenes specified with dashed black 

circle. DFT optimized top-site (c) and pore-site (d) positioning of a guest C60 molecule 



76 

 

within the COF-1 host. The substrate graphene bilayer has been omitted for better 

visibility. Detailed simulation results are given in calculation section. 

COFs are a recently discovered class of porous crystalline materials with high 

architectural and chemical robustness and customized topologies.29 A high-quality 

extended hexagonal porous COF-1 template can be obtained through 

cyclocondensation of three BDBA monomers by using excess water as the 

chemical-equilibrium-manipulating agent (Figure 5.1a and b).49-50 In previous work, 

we demonstrated that the monolayer COF-1 mesh preferentially grows in a 6×6 

epitaxial unit cell on HOPG, corresponding to a lattice parameter of 1.476 nm, and 

showed that C60 adsorbs in the COF-1 template in two different sites, the top-site (T) 

and the pore-site (P).80 T-site and P-site geometries correspond to the adsorption of the 

C60 guest molecule on the boroxine ring and in the hexagonal pore, respectively. 

Corresponding DFT simulation results are presented in Figure 5.1c, d and Figure 5.14. 

We have previously reported an off-centred adsorption for P-site C60 at the heptanoic 

acid/HOPG interface.80 Our present DFT calculations suggest that C60 adsorbs most 

stably at the centre of the pore (Figure 5.15). The off-centred adsorption observed 

experimentally could support the hypothesis of solvent coadsorption (see section 

5.2.2), since moving the C60 off centre allows solvent access to the HOPG substrate 

beneath the pore. 
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5.2.1. C60 self-assembly at heptanoic acid/HOPG interface 

5.2.1.1. Multiple -layer structures with P-site as bottom layer 

 

Figure 5.2 (a) STM image with P-T bilayer structure collected at the heptanoic 

acid/HOPG interface. Tunnelling conditions: V=-776 mV, I=42.25 pA. Image 

dimensions: 19×19 nm2. (b) STM image collected at the heptanoic acid/HOPG 

interface showing quasi-HCP triple layer structure and R1T layer shifts in A and B 

patterns. Tunnelling conditions: V=-800 mV, I=33 pA. Image dimensions: 15.4×15.4 

nm2. (c) The schematic image corresponding to (b). Different architectures are marked 

by indicators. (d) Model of the P-T bilayer. (e) Model of the quasi-HCP triple layer 

structure. The two fullerene molecules marked with ñ1ò are adsorbed in the 
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quasi-same position. (f) Models of the shift of a single R1T layer molecule with respect 

to the T layer in A and B patterns. (g) The DFT calculated structure of A-pattern shift, 

as shown in top view and side view. The relative positions of T-site and R1 C60 are 

specified in side view. For a better visualization, the radius of C60 carbon atoms is 

enhanced. 

Multi-layer C60 thin films were prepared by drop-deposition of fullerene guest 

molecules in heptanoic acid onto pre-prepared COF-1-covered HOPG and imaged at 

room temperature with STM. In previous work, the adsorbed C60 molecules were 

observed to order into domains comprising a single adsorption site.80 Presently, we 

show that combination of T and P adsorption sites can also occur in the same region 

through the formation of a bilayer. For instance, we have observed a bilayer structure 

consisting of P-site C60 in combination with a T-site C60, which we denote as a P-T 

bilayer (Figure 5.2a), which is consistent with the small domains reported by Plas et 

al.122 In Figure 5.2a, a hexagonal mesh representing the COF-1 lattice is 

superimposed on the STM image. Bright spots are interpreted as C60 molecules.  

Two T-site C60 molecular lattices, located over boroxine rings, can be identified and 

represented by open circles (T1) and spots (T2). These lattices coexist with P-site C60, 

defining the P-T bilayer structure (Figure 5.2d). The cohesive energy of P-T bilayer is 

-2.36 eV, higher than the sum (-2.12 eV) of the P-site and T-site energies (Table 5.1, 

DFT-D3). When both the P-site and the T-site are occupied, additional stability is 

gained from the interaction between the adjacent fullerene molecules. However, the 
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existence of P-T structure relies on the adsorption of P-site C60, which can be 

influenced by the solvent in use.56 

 

Figure 5.3 A comparision of quasi-HCP (left), HCP (middle) and standard-HCP 

(right). Similar arguments can also be assigned for the face-centred cubic (FCC) 

packing. The quasi-structure is associated with the shift behavior of R1 fullerenes 

(marked 1 in the orange circle) with respect to the given T-layer fullerene (marked 2). 

Note that, in the quasi-HCP and HCP here, the intralayer C60 molecules are spaced 

with a distance of 1.476 nm. This is different from standard-HCP, where all the 

molecules are spaced in a distance of ~1 nm.165 The standard-FCC close packing C60 

can be formed on bare HOPG, see Figure 5.10. 

The COF-1 template can host a variety of multilayer structures. A third layer, named 

as the first raised layer (R1P-T), can adsorb above the P-T bilayer to form a triple-layer 

structure (STM image in Figure 5.2b and schematic in Figure 5.2e). As shown in the 

schematic view, this triple layer presents a quasi-hexagonal close-packed (quasi-HCP) 

structure. We define this as a ñquasiò-HCP structure because of the shift between the 
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first and third layers (see Figure 5.3), which differs from the HCP in which the first 

and third layer molecules are positioned in registry with one another. 

5.2.1.2. Bilayer structures with T-site as bottom layer 

 

Figure 5.4 STM images of a single R1 fullerene shift collected at heptanoic acid/solid 

interface, where the COF-1 lattice is represented by the black honeycomb, and the 

yellow and orange circles indicate T layer and R1 layer fullerene molecules 

respectively. (a) A-pattern shift. (b) B-pattern shift. (c) Geometry of the shifts, where 

the epitaxial COF-1 lattice constant is a=1.476 nm according to our previous work. (d) 

The collective assembly of R1 fullerenes, parallel-shift. Tunnelling conditions: V=-800 

mV, I=33 pA. Image dimensions: 6.5×6.5 nm2. 

A monolayer of T-layer, with no corresponding molecules in the P-site, can also form 

the foundation for further adsorption. In this case, the R1T layer can shift in two 

distinct geometries with respect to the T-layer. We denote them as A-pattern shift and 

B-pattern shift, each of which exists in three-fold symmetry with respect to a given 

T-site fullerene, as shown in Figure 5.2f. Our calculations support this observation 

and show that A- and B- shift are stable structures with the binding energy of the R1T 

fullerene calculated as EA= -0.21 eV and EB= -0.25 eV respectively (Figure 5.16 and 
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Table 5.1). The DFT optimized structure of the A-pattern shift is presented in Figure 

5.2g. When full domains of R1T fullerenes linearly shift in the same direction (A- or 

B- pattern), we denote this collective assembly as a parallel-shift (see Figure 5.4d). 

The R1P-T layer also has the same geometry (Figure 5.2b and c). Through a 

combination of distances measured from STM images and geometrical considerations, 

we find that the shift distance of the R1 layer relative to the given T-layer fullerene is 

0.43 nm, which is the half-length of the hexagonal edge, as shown in Figure 5.4. This 

is consistent with our calculation result (0.42 nm). However, the observation of shift 

structures runs counter to Kitaigorodskiiôs close-packing principles,166 since the R1 

layer adsorption site is not the three-fold centre described by the T-layer C60, which is 

the enthalpically favoured template-defined close-packed structure, with a binding 

energy of -0.73 eV (A-close packing, see Figure 5.16 and Table 5.1). We attribute the 

observed shift trapped R1 C60 motif to the effect of co-adsorption of solvent 

molecules associated with the growth process, explained hereafter. 

 

Figure 5.5 (a) STM image collected at the heptanoic acid/HOPG interface. The black 

dashed line encloses a region of the crystal with one missing C60 molecule. The inset 

image shows the plan view schematic of the black dashed box region, according to the 

parallel shift model. The white dashed line marks a rotated-shift region. Tunnelling 
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conditions: V=-800 mV, I=100 pA. Image dimensions: 24.4×24.4 nm2. (b) Detailed 

STM image collected at heptanoic acid/HOPG interface showing a moiré pattern 

caused by rotation of the R1 layer relative to the underlying T layer. Tunnelling 

conditions: V=-800 mV, I=100 pA. Image dimensions: 11.8×11.8 nm2. (c) The 

schematic image corresponding to (b). Orange circles represent the R1 layer molecules 

and yellow circles represent the T layer molecules. (d) The schematic image of 

geometrical considerations of the region (spin centre) enclosed by the dashed box in 

image (c), showing the geometry of the rotation of the R1 layer relative to the T layer. 

Figure 5.5a shows a film where the R1 layer exhibits predominantly a parallel shift. 

However, another collective adsorption geometry is also possible: the R1 layer can be 

rotated relative to the T-layer, forming a domain with a flower-like appearance (moiré 

pattern, Figure 5.5b), referred to as a rotated-shift alignment (see Figure 5.5d). The 

R1 lattice and T-layer lattice are rotated by 27±1° with respect to one another and the 

schematic is given in Figure 5.5c. The rotation can be interpreted according to the 

three-fold symmetry of the-shift behavior of an R1 fullerene (Figure 5.2f). 

Surrounding the rotation centre, three R1 fullerenes move clockwise by a distance of 

half-length of a hexagonal edge, leading to a 30° rotation of the R1 lattice with 

respect to the T layer (Figure 5.5d). The effect of stacking the rotated-shift R1 layer 

and T-site layer gives rise to a flower- like appearance in STM images, which can be 

attributed to the influence of the moiré pattern superlattice on the electronic 

properties probed by STM.167 
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In the scheme shown in Figure 5.5d, the R1 layer is rotated by an angle of 30° and has 

a different lattice constant (ЍσÁς ρȢςχψ ÎÍϳ ) from the T layer (a=1.476 nm). 

However in the STM image of Figure 5.5b, the R1 lattice is rotated by 27±1° with 

respect to the T-layer lattice. This likely occurs because, in a large domain size, a 

slight relaxation in the R1 lattice will be preferred energetically, with a rotated angle 

of 27° between R1 and T layers and R1 lattice constant matched to that of the T layer. 

Nevertheless, the rotated-shift can still introduce strain in localized regions, unlike the 

fully relaxed parallel-shift. R1 fullerenes exhibit a preference for adsorbing at binding 

sites described by the T layer, i.e., the parallel shift sites. The fullerenes in the 

rotated-shift R1 layer are also constrained by the rotated R1 lattice. The rotated shift 

lattice does not perfectly match the parallel shift lattice. The local trade-off between 

the preference for binding sites on the T layer and the constraint of the rotated R1 

lattice results in a positioning offset of the C60 molecules from one another along the 

R1 high-symmetry directions, creating a zigzag appearance (see blue dashed line in 

Figure 5.5b). Compared with the parallel-shift, the strain introduced by 

rotated-alignment seems to make this architecture energetically less favorable, 

consistent with Figure 5.5a where parallel-shift is dominant. Typically, the area of a 

rotated-shift domain is less than one unit cell of the superlattice of the moiré pattern, 

as shown in Figure 5.6. 
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Figure 5.6 Moiré pattern of R1 layer rotated by Ᵽ Ȣ Ј  (indicated by lines at 

the bottom) with respect to the underlying T layer. The vectors of the Moiré pattern t1, t2 

are shown by arrows and labeled accordingly. The lattice vectors a1, a2 of the 

underlying T monolayer are sketched at the lower right, where a magnification by a 

factor 3 is applied for better visibility. Specifically, the region of Figure 5.5b is marked 

by colour of blue in a unit cell, where the centre of spin defined in Figure 5.5c is 

marked with orange triangle. The calculated model is available in experimental 

section. 
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5.2.1.3. Tri -layer structures with T-site as bottom layer 

 

Figure 5.7 (a) STM image collected at heptanoic acid/HOPG interface showing 

multiple crystallization geometries for three layer structures. Tunnelling conditions: 

V=-800 mV, I=200 pA. Image dimensions: 17.3×17.3 nm2. (b) The schematic of (a). (c) 

The schematic showing position of the R2 layer relative to the R1 layer. (d) The DFT 

optimized geometries of A-FCC and A-HCP. Schematic showing the positions of C60 in 

the T layer (bottom), R1 layer (middle) and R2 layer (top) relative to each other for an 

R1 layer with A-pattern shift (e) and B-pattern shift (f). 

For the case where the R1 shift is parallel, we observed another layer superimposed 

on top of the R1 layer, denoted as the raised second layer R2, which together with the 

R1 and T layers forms a triple-layer structure, as shown in Figure 5.7a. In this 

architecture, the R2 fullerenes adsorb in the three-fold hollow site formed by R1 

fullerenes, creating the close packed structure (Figure 5.7c).  

C60 molecules of R1 and R2 do not occupy the exact positions defined in a 
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template-defined close-packed model due to the shift in the R1 layer. Using the 

COF-1 host template and T-layer as a reference, the parallel-shift of R1 will give two 

possible positions for molecules in the R2 layer. In Figure 5.7e, a parallel-shift in A 

pattern positions an R2 layer C60 nearly above a T-layer C60, defining a structure that 

we denote as A-HCP, and another occupied position nearly above an empty site in the 

T-layer, defining the A-FCC structure. A similar nomenclature can be assigned for the 

B pattern shift, shown in Figure 5.7f. R2 molecules in A-FCC and B-FCC occupy the 

same position with respect to the reference (T-site/COF-1) layer, although the 

structures themselves are non-identical due to the geometry of the R1 layer. In Figure 

5.7b, The A pattern shift and B pattern shift are separated by a white dashed line, and 

the black dashed box shows the alignment of A-FCC and B-FCC. Our calculations 

suggest that each fullerene in R2 has an adsorption energy of ~-0.6 eV (Table 5.1) and 

the corresponding optimized geometries are given in Figure 5.7d and Figure 5.17. 

5.2.2. Identification of the solvent co-adsorption effect 

The structural analysis above suggests that R1 C60 molecules, which adsorb in the 

less-dense shift motifs instead of template-defined close-packing, lead to the 

formation of this diverse array of polymorphic structures. Using heptanoic acid as 

solvent, we never observed the R1 template-defined close-packed structure (the 

three-fold hollow site described by T layer), despite the thermodynamic advantage it 

offers. 
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There are two primary effects that help to favour the shifting in R1 layer C60, rather 

than to close-packing: electrostatics 168 or a solvent effect.35 To explore the 

electrostatic effects, we performed Bader charge analysis of the DFT simulated 

structures. These calculations show that the charge transferred between the T-site and 

the shift R1 C60 is negligible and that the charge distribution of the R1 shift C60 is 

essentially the same as that of a free C60 (See Table 5.2). This is consistent with our 

calculated energies for the binding between the shift R1 C60 and the corresponding 

T-site fullerene, which are essentially identical whether the fullerene dimer is 

calculated in the presence or absence of the COF-1/graphene bilayer substrate (~-0.2 

eV, see Table 5.1). These results indicate that the shift R1 C60 molecules are stabilized 

through vdW interactions with the underlying T-site fullerene, ruling out the 

anisotropic electrostatic effects potentially caused by the presence of the substrate.75, 

169-170 
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Figure 5.8 (a) STM image showing the co-adsorption of heptanoic acid and T-layer C60 

collected at the heptanoic acid/HOPG interface. Tunnelling conditions: V=-1000 mV, 

I= 50 pA. Image dimensions: 12×12 nm2. The hexagonal lattice represents the COF-1 

template. A single missing C60 is marked by a large black open circle. The features at 

the bottom of missing C60 site are assigned as COF-1 template. Three small bright 

spots assigned as solvent molecules are marked by small black open circles; similar 

adsorption occurs throughout the lattice, but has not been indicated to allow clearer 

visualization of the contrast modulation associated with these features. One site 

without this small bright feature is marked by a black arrow. (b) Optimized structure of 

T-layer C60 with co-adsorption of heptanoic acid at both P-site and T-site (See section 

5.5). The T-site heptanoic acid molecules appear at each of the three boroxine rings in 

the COF-1 template. Only one P-site adsorbed heptanoic acid appears per pore, 

consistent with the slightly off-centre adsorption of the T-site C60 molecule. For a better 

illustration of the model matching with the experimental data, scheme (b) has been 

modified from the actual DFT data by taking off the features missing from the STM 

image (a). (c) STM image collected at the supernatant (TCB)/HOPG interface. Image 

dimensions: 9.6×5.4 nm2. Tunnelling conditions: V=-1000 mV, I=50 pA. Here, R1 C60 

adsorbs in a template-defined close-packed geometry. (d) Schematic of (c) with TCB 

molecules in the pores of the COF-1 template. The STM images (e and f) showing the 

co-adsorption of heptanoic acid in T-layer C60 obtained in a same collection. (e) is the 

forward-scan image and (f) is the backward-scan image. Tunnelling conditions: 
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V=-1000 mV, I= 50 pA. Image dimensions: 11.72 ×11.72 nm2. (g, h) are magnified 

images corresponding to the regions marked by dashed black squares in (e) and (f) 

respectively. Image dimensions: 2.8 × 2.8 nm2. The black arrows in the images indicate 

the direction of scan. (f) is also shown in (a). 

In Figure 5.8a, some smaller bright spots are visible within the T layer. The size of 

these features (~0.39 nm) is consistent with previous observations of upright 

heptanoic acid (~0.35 nm),171 suggesting the possibility of co-adsorption of solvent 

molecules in the interstitial spaces. The position of a small bright feature within one 

pore is also influenced by the scanning direction of the STM. In the forward scan, the 

small bright spot locates in the center described by three T-site C60 molecules (Figure 

5.8g). But in the backward scan, the small bright spot locates asymmetrically into one 

of the three equivalent corners (Figure 5.8h). The positional site of this small bright 

spot is associated with the direction of scan. This observation supports our hypothesis 

that these small bright features are up-oriented heptanoic acid molecules and the 

flexibility of the heptanoic acid molecule offers the explanation for the different 

placement of bright spot feature associated with STM scan direction. 

Hence, we propose that the formation of shifted R1 C60 can be attributed to the 

co-adsorption of heptanoic acid in the void spaces between C60 molecules in the T 

layer (Table 5.4 and Figure 5.8b).35 Heptanoic acid molecules are known to orient 

with their carboxyl groups pointed towards the surface and their alkyl chains pointing 

out of the surface (Table 5.3 and Figure 5.18); the chains are likely to be 
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disordered.171 Heptanoic acid molecules can also orient with their carboxyl groups 

upward, forming a dimer with another solvent molecule.172 Since the length of 

heptanoic acid (~1.0 nm for monomer and 2.1 nm for dimer) is comparable with 

(bigger than) the diameter of C60, the protruding alkyl chains would prevent the R1 

C60 from adsorbing in a template-defined close-packed motif (Figure 5.19). In STM 

images, the arrangement of coadsorbed alkylated solvent molecules typically cannot 

be clearly resolved in 2D, 159-160, 173 much less in our case of co-adsorption in 3D 

space. Thus, no conclusion can be drawn about the precise adsorption arrangement or 

conformation of the solvent molecules in the gaps between C60 molecules. However, 

even in the absence of a detailed understanding of the adsorption geometry, DFT 

calculations in which heptanoic acid molecules have been added to the unit cells of 

shift-structure architectures suggest that the presence of the incorporated solvent 

molecules stabilizes the shift structures (Table 5.4). 
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5.2.2.1.  Control experiment: C60 self-assembly at TCB/HOPG 

interface 

 

Figure 5.9 (a-c) Successive STM images of same region collected from the TCB 

supernatant/HOPG interface. Image dimensions: 80×80 nm2. Tunnelling conditions: 

V=-1200 mV, I= 50 pA. (d-f) Successive STM images of same region collected from the 

heptanoic acid supernatant/HOPG interface. Image dimensions: 60×60 nm2. 

Tunnelling conditions: V=-800 mV, I=100 pA. The domain morphology of the C60 films 

in TCB varies with time, in contrast to the films formed from heptanoic acid. In the 

latter (d-f), individual vacancies vary from image to image, but the overall domain 

structure and occupancy remains relatively constant. 

To test the solvent coadsorption hypothesis, we performed the same experiment using 



92 

 

a different solvent. Instead of heptanoic acid, we applied the supernatant of C60 in 

TCB, a planar aromatic solvent without alkyl chains, to a pre-fabricated COF-1 

monolayer. Based on our previous work, we expect the TCB to adsorb flat in the 

COF-1 pores.56 Using TCB as solvent, we obtained the enthalpically-favored 

template-defined close-packed motif of R1 C60, as shown in Figure 5.8c. The Moiré 

pattern formed by rotated-shift was not observed, indicating the absence of the R1 

shift structure. Moreover, the C60 film in TCB is less stable under STM scanning than 

C60 films in heptanoic acid, as shown in Figure 5.9. Based on the energetics of the 

fullerenes alone, this observation is counterintuitive, since the template-defined 

close-packed R1 C60 is more stable than shift R1 C60 (Figure 5.16). However, taking 

into account the coadsorption of solvent molecules, this observation is consistent with 

the increased stability of the fullerene layer due to interactions with standing 

heptanoic acid molecules (Table 5.4 and Figure 5.19). The planar, pore-confined TCB 

cannot interact with raised layers and therefore offers no stabilization. 

5.2.2.2.  Solvent co-adsorption leading to polymorphism 

We suggest that the co-adsorption of solvent molecules is responsible for the observed 

polymorphism: co-adsorbed heptanoic acid sterically inhibits the formation of the 

close-packed fullerene structure, which is instead allowed by the smaller planar TCB 

solvent molecules. Without the COF-1 template, C60 molecules crystallize into a 

standard-FCC C60 close packed crystal on HOPG, rather than forming 
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pseudopolymorphic phases incorporating heptanoic acid (See Figure 5.10).165, 174-175  

 

Figure 5.10 (a) XRD spectra of bare HOPG (black) and C60 crystal on HOPG (red). 

The peak at 2q = 10.8° (d ~ 0.82 nm) corresponds to the (111) face of standard-FCC 

fullerene (a = 1.42 nm). This is also consistent with (002) of standard-HCP fullerene 

with a = 1.00 nm and c = 1.64 nm, but in this case we should also observe the weaker 

(001) reflection at 10.2°. The asterisk indicates the peak from HOPG.174 (b) Scanning 

electron microscopy image of an asymmetric C60 hexagonal-shaped disk on bare 

HOPG, prepared by drop-deposition method with a solution (1.942×10-3 M) of C60 in 

heptanoic acid. 

In Figure 5.10, x-ray diffraction (XRD) data and scanning eletron microscopy (SEM) 

image for the solution processed bulk C60 crystals are shown. These results are 

consistent with Hyeon Sukôs work,174 where standard close packed bulk C60 crystals 

were prepared through vapor-solid procession. This suggests that heptanoic acid 

solvent molecules donôt influence the standard close packing structures: the motif 

structure of C60 crystals in solution-deposition is just like what they exhibit when in 

vapor-deposition. 
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However, there may be important differences between bulk and thin film C60. A 

necessary comparison between C60 film on bare HOPG and our present work (with 

COF-1 template) is desired.  

C60 weakly interact with HOPG substrate through vdW interactions.165, 176 There have 

been numerous experimental studies about the growth of C60 on HOPG in UHV.177-181 

Although different experimental conditions can affect the morphologies of C60 film,182 

the motif structure of C60 film has been confirmed to consist of a standard 

close-packed arrangement of C60 molecules on HOPG by both STM175, 179, 183 and 

low-energy electron diffraction.181, 184 The standard close-packing films in these 

references suggest HOPG substrate plays a relatively minimal role in the arrangement 

of C60 molecules, unlike COF-1 covered HOPG where the lattice constant of C60 

packing can be modified by template network. 

To investigate the effect on C60 packing motif when solvent is present on HOPG 

surface, we performed STM characterization at the supernatant solution (C60 in 

heptanoic acid and TCB)/bare HOPG interface.80 In contrast to UHV condition, we 

did not observe the self-assembly of C60 on HOPG. This can be explained by the 

affinity between C60 and solvent molecules and that C60 molecules experience fast 

adsorption and desorption between solution species and adsorption on the HOPG 

surface, so that STM cannot observe any stable self-assemblied feature of C60. This 

also suggests that solvent (heptanoic acid and TCB) and C60 alone cannot form 

pseudopolymorph at the solution/HOPG surface. This suggests that the co-adsorption 
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of solvent molecules in the C60 film i s driven by the template. Solvent co-adsorption 

can occur because the template-induced packing creates solvent-sized void spaces 

between C60 molecules. This is different from previous investigations, where 

polymorphism was driven by solvent co-adsorption through stronger solute-solvent 

interactions, such as hydrogen bonds, or through solvent-surface interactions.35, 133, 145, 

159, 161 

To summarize, C60 molecules have been previously observed to pack in a standard 

close packing structure on HOPG surface. This occurs in both film and bulk C60 under 

vacuum deposition conditions, for bulk C60 when solution-processed (heptanoic acid). 

However, at the solution/HOPG interface, we were unable to observe self-assembly of 

C60, and no reports of this. Conversely, in the presence of COF-1 at the TCB/HOPG 

interface, a template-defined close packed structure was obtained and at the heptanoic 

acid/HOPG interface, a less dense packing structure was obtained, which we assigned 

as a template-driven solvent co-adsorption effect. These discussions are schematically 

shown in Figure 5.11. 
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Figure 5.11 Schematically illustration of the control of fullerene crystallization from 

2D to 3D through combined solvent and template effects.  

5.2.3. Additional solvent effects on film packing and morphology 

Thermodynamics. Besides the co-adsorption effect, the properties of solvents, such 

as polarity and solvophobic effect, can also influence the self-assembled structures 

through an environmental change for the C60 molecules. Although the dielectric 

constants of heptanoic acid (3.04 ) and TCB (2.24) are different, we do not expect this 

to affect fullerene assembly, since solvent polarity mainly influences molecular 

self-assembly stabilized through hydrogen bonding or dipoleïdipole interaction by 

changing the microenvironment of adsorbates.35, 37-38, 159 Solvophobic effects may also 

play a role in this case since we have polar solvent and non-polar solute. A non-polar 

solute has a stronger propensity to form a close-packed structure in more polar 
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solvents, to reduce the interface between them.35 However, here the close-packed 

structure is obtained in a less polar solvent, which does not follow this trend, and 

precludes solvophobicity as a contributing effect. 

Kinetic effects on the packing motif. Kinetic effects are also known to lead to 

polymorphism.16, 162 It is reasonable to assume that the R1 shift structure is kinetically 

favored with respect to the template-defined close-packed structure. According to 

Ostwaldôs law of stages,185 if several states exist, the state initially adopted will not be 

the most stable, but will instead be the state nearest to the original state in free energy. 

A rapid adsorption rate (i.e., the number of molecules adsorbing from the liquid onto 

the surface per unit of area and time) of C60 may lead to the shift adsorption R1 C60, 

because the system is trapped in a higher-energy state.162 However, the TCB 

supernatant, which contains a higher concentration of C60 than heptanoic acid,186 

should produce a faster adsorption rate than a heptanoic acid solution, and could 

therefore be expected to give rise to shifted adsorption, which runs counter to our 

experimental observation of the R1 template-defined close packed structure. 

Therefore, the adsorption-rate related kinetic trapping of the polymorph can also be 

ruled out. 



98 

 

 

Figure 5.12 STM images collected from supernatant solutions of C60. (a) STM image at 

the heptanoic acid supernatant/HOPG interface. Tunnelling conditions: V=-1200 mV, 

I= 50 pA. Image dimensions: 60×60 nm2. (b) STM image at the TCB 

supernatant/HOPG interface. Tunnelling conditions: I=100 pA, V=-800 mV. Image 

dimensions: 60×60 nm2. (c) Domain size distribution of (b). The coverage (P) of C60 in 

STM image is 55.4%. 

Kinetic  effects on the morphologies of C60 films. Although kinetic effects do not 

account for the observed polymorphism, they have a discernible effect on the 

morphology of the film. From the heptanoic acid supernatant, C60 molecules have a 

tendency to form large domains on the COF-1 template, with domain boundaries 

occurring as a consequence of the domain structure of the COF-1 monolayer (Figure 

5.12a and Figure 5.9).122 However, C60 molecules adsorbed from the TCB supernatant 

are confined in small clusters (see Figure 5.12b and Figure 5.9). A simple size 

distribution analysis of C60 domains in Figure 5.12b indicates an exponential decay 

relationship between the number of domains and their sizes, as shown in Figure 5.12c, 

suggesting that the growth from TCB supernatant is consistent with a percolation 
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growth model.187 Anecdotally, STM images with low coverage of C60 on COF-1 were 

much more frequently obtained in TCB than that in heptanoic acid. This may suggest 

a lower growth rate, RG, in the TCB system. We can treat the attachment of one C60 to 

a pre-existing nucleate as a monomolecular process. Following first-order chemical 

kinetics, RG is proportional to [exp(æÕ/kBT) ï 1],188 where æÕ=Õsolution ï µcrystal is the 

difference in chemical potential of the crystallizing species, kB is the Boltzmann 

constant, and T is the absolute temperature. Since we used supernatant C60 in both 

heptanoic acid and TCB, the solution is equilibrated with the precipitation of C60, and 

µheptanoic acid-solution can be assumed to be roughly equal to µTCB-solution during the growth 

process. Under this assumption, the higher rate of growth, RG(heptanoic acid), can be 

ascribed to the lower µheptanoic acid-crystal. This is consistent with our expectation and 

observation stated above, i.e., the co-adsorption of heptanoic acid stabilizes C60 

crystallization. 

This morphological observation is similar to the competitive adsorption of two 

different analytes from binary mixture solutions,189 and the same argument can be 

applied here. The different sizes of the domains suggest significant differences in the 

nucleation rate and growth rate of each morphology. The analytical model can be 

defined as a ratio r=RG/RN with the growth rate, RG, and nucleation rate, RN. A large 

ratio r gives rise to the formation of well-ordered domains extending over large areas, 

as observed for heptanoic acid. On the contrary, a small ratio r means that domains 

nucleate quickly yet grow slowly, yielding numerous small domains; this is consistent 
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with the morphology of COF-templated C60 in TCB. As we described above, the 

higher solubility of C60 in TCB suggests the relation: RN(TCB)>RN(heptanoic acid). 

In addition, the co-adsorption with different solvent molecules gives the relation: 

RG(heptanoic acid)>RG(TCB). Together these indicate that r(heptanoic acid)>r(TCB), 

which is consistent with our morphological observations. 

5.3. Conclusions and perspectives 

Monolayer COF-1 films can induce the self-assembly of fullerene into multiple layer 

structures at the solution/solid interface. The template-defined packing, which 

deviates from standard close packing, depends on the solvent for the fullerene 

molecules: a template-defined close-packing motif is achieved using TCB as solvent, 

whereas lower-density quasi-close-packed polymorphs are observed when using 

heptanoic acid as solvent. The solvent-dependent polymorphism and morphologies 

can be described in terms of a template-driven solvent co-adsorption effect. The 

results presented here highlight the important role of the solvent, not just in 

influencing 2D self-assembly, but also in defining 3D architectures. Through a 

judicious combination of solvent and template, (pseudo)polymorphic films can be 

formed with packing geometries that have not been observed under other conditions. 

This suggests a pathway towards using the combination of 2D template and solvent 

effects to control molecular self-assembly precisely into the third dimension, even in 

the absence of directional solute-solute or solute-solvent interactions. 
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5.4. Experimental methods 

Synthesis of BDBA COFs: Monolayer COF-1 on HOPG was formed following 

procedures described previously.49-50 1.0 mg and 1.4 mg of 1,4-benzenediboronic acid 

(BDBA, Tokyo Chemical Industry Co. Ltd) was added to 1.5 ml heptanoic acid (99%, 

Sigma- Aldrich)80 and 1.2 ml 1,2,4-trichlorobezene (TCB, 99%, Sigma- Aldrich),56 

respectively. This step was followed by sonication for ~30 min which produced 

whitish suspensions. 10 ʈÌ of BDBA suspension was dropped onto freshly cleaved 

HOPG (Structure Probe International, grade SPI-1 or SPI-2) and placed into a reactor 

with a volume of ~16 ml. 130 ʈÌ of deionized water was added to the bottom of the 

reactor, and a valve to atmosphere was left slightly open to maintain an open system. 

The entire reactor was placed in an oven preheated to 125 Ņ and left for 60 min. 

After thermal treatment, the reactor was taken out of the oven and allowed to cool 

down for at least 20 min before the samples were removed. 

H/G synthesis: Following the confirmation of monolayer COF-1 on the HOPG 

surface, 10 µl of a known concentration solution of fullerene (99.5%, Sigma-Aldrich) 

in heptanoic acid or TCB was applied onto the substrates prepared with precursors in 

heptanoic acid or TCB. Subsequently, the samples were characterized by STM at the 

solution/solid interface. 

STM measurements: STM was performed at room temperature at the liquid/solid 

interface, using a Digital Instruments STM equipped with a Nanoscope IIIa controller. 

Tips were cut from a Pt0.8Ir0.2 wire (Nanoscience Instruments). Bias voltages are 
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reported with respect to the STM tip. STM images were calibrated with COF-1 lattice 

parameter (1.476 nm) using the free WSxM software.119 Images were smoothed using 

Gwyddion software.190 

Characterization of C60 crystal on bare HOPG: The morphology and crystal structure 

were characterized with a scanning electron microscopy (JEOL JSM-6300F) and an 

X-ray diffractometer (Panalytical XôPert Pro MRD, using Cu KŬradiation). 

Model for the Moiré pattern: The continuum model of the commensurate Moiré 

pattern from a twisted hexagonal bilayer is summarized as follows:191 

The lattice of guest molecules in the bottom monolayer has an underlying Bravais 

lattice with basis vectors which we choose as ╪  and ╪ . 

The Bravais lattice is expressed as: 

ἺÍȟÎ Í╪ ὲ╪ . 

The rotated angle of R1 layer relative to T layer which gives a commensurate 

structure is defined by equation: 

 ἫἷἻⱣἵȟἸ
□ □▬▬ϳ

□ □▬▬
, (5.1) 

where Ð Î Í, p and m are coprime positive integers, π — “σϳ . 

The primitive vectors of the superlattice for a commensurate structure of angle 

—ÍȟÐ are as follows [gcd(p,s) is the greatest common divisor of p and s]: 

(i) If gcd(p,1)=1, 

 
◄
◄

□ □ ▬
□ ▬ □ ▬

╪
╪ . (5.2) 

(ii)  If gcd(p,3)=3, 
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◄
◄

□ ▬ϳ ▬ϳ

▬ϳ □ ▬ϳ

╪
╪ . (5.3) 

We observed a rotated angle of ~ 27°. With equation (1), we know ά ὲϳ πȢτρςφ 

for ʃ ςχЈ. 

Here, we give an approximate example, where m=5 and n=12 (gcd( p,1)=1), giving 

ά ὲϳ πȢτρφχ, ʃ ςφȢχτφЈ. 

The vectors of the superlattice associated with the moiré pattern are expressed as: 

◄ υ╪ ρς╪
◄ ρς╪ ρχ╪

. 

The resulting moiré pattern is shown in Figure 5.6. 

5.5. Calculations 

Density functional theory (DFT) calculations based on slab model were performed 

with the Vienna Ab-initio Simulation Package (VASP)192-193 installed at the SciNet194 

supercomputer clusters of Compute Canada. DFT calculations were made using the 

Perdew-Burke-Ernzerhof approximation (PBE)195 of the exchange-correlation 

potential, the projector augmented wave (PAW)196-197 method, and a plane-wave basis 

set. Final calculations were performed using zero-damping DFT-D2198 and DFT-D3199 

methods of Grimme, a correction which takes into account vdW for potential energies 

and dispersion effects via a semi-empirical approach, yielding more accurate 

geometries of the adsorption structures compared to those obtained from uncorrected 

DFT calculations. Unless stated otherwise, all the calculations were first performed at 

the gamma point with an energy cut off of 450 eV, followed by a higher accuracy 
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level using 5-irreducible k-points (3 3 1 k-points) with the cut off energy of 750 eV, 

until the net force on each atom was less than 0.02 eV/Å and the energy change 

between the two steps was smaller than 0.00001 eV. Except the bottom layer of 

graphene, all the atoms, including top layer of graphene, COF-1, and C60 molecular 

layers were relaxed during the simulation. 

5.5.1.  COF-1/graphene bilayer 

 

Figure 5.13 The optimized geometry of COF-1 on graphene bilayer. 

The lattice parameter of a 66 graphene layer was first optimized to be 14.8 Å (for 

the range of 12.76 Å to 16.76 Å in the step of 0.1 Å). Then, an AB bilayer of graphene 

(144 atoms) was optimized in a unit cell with the dimension of a=14.8 Å, b=14.8 Å, 

c=40.0 Å, and the angle between a and b vectors equal to 60°. The graphene bilayer 

distance was calculated to be 3.25 Å using DFT-D2 and 3.50 Å using DFT-D3. 

The optimum lattice parameter of COF-1 was found to be 15.2 Å (for the range of 

14.5 Å to 15.3 Å in steps of 0.1 Å). To model COF-1 network on periodic graphene, 
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the lattice of the COF-1 was adjusted to be commensurate with graphene bilayer. 

Therefore, COF-1 was compressed from 15.2 Å to 14.8 Å (i.e., by 2.6%). COF-1 was 

optimized for its most stable geometry and location with respect to the underlying 

graphene bilayer. The bottom layer of graphene was kept frozen, but the graphene top 

layer and COF-1 atoms were relaxed, here and for all subsequent calculations in 

which C60 molecules were added. The graphene bilayer distance became 3.23 Å using 

DFT-D2 (3.49 Å using DFT-D3), close to the optimized distance described above. The 

optimized distance between COF-1 and the graphene top layer was found to be 3.30 Å 

(3.49 Å using DFT-D3). 

5.5.2.  C60 molecules adsorbed on COF-1/graphene bilayer 

The adsorption of one C60 with a 6-ring facing down at three different adsorption sites 

top-boroxine-site (Figure 5.14a), top-phenyl-site (Figure 5.14b), and pore-site (Figure 

5.14c), gave the following stable structures. In agreement with our previous molecular 

mechanics calculations,80 the top-boroxine site was confirmed to be more stable than 

top-phenyl site (see Table 5.1). In the following discussion, unless stated otherwise, 

top-site refers to the top-boroxine structure. Top-site C60 adsorption with a 5-ring 

facing down gave an energy within 0.004 eV difference to that of the 6-ring top-site. 

The P-T bilayer was also calculated (Figure 5.14d). 
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Figure 5.14 The DFT-calculated geometry for C60 on COF-1/graphene bilayer. (a) C60 

over boroxine ring (T-layer), (b) C60 over phenyl ring, (c) Pore-site C60 (P-layer), (d) 

P-T bilayer C60. 

Starting from the optimized centred pore-site (Figure 5.14c), the off-centred pore-site 

C60 was simulated, at single point calculations using DFT-D3 at the gamma point with 

an energy cut off of 450 eV, by shifting centred C60 along zigzag and armchair 

directions of COF-1. These calculations showed that the centred pore-site adsorption 

is more stable than the simulated off-centred pore-site adsorption geometries (Figure 

5.15). 
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Figure 5.15 (a) Cartesian coordinate system for off-centred adsorption simulation, 

where origin is defined as the position of optimized pore-site. X and Y axes represent 

zigzag and armchair directions of COF-1 template. (b) The plot of energy change of 

different off-centred positions (along X and Y axes) with respect to optimized centred 

pore-site position (P-site Table 5.1, which gave -1.59 eV adsorption energy here under 

the accuracy described above). The distance of each step is 0.5 Å.  

For the two-layer C60, four structures were calculated: (1) two shift-structures 

(A-pattern shift and B-pattern shift), which were observed at heptanoic acid/HOPG 

interface, representing two directional shifts with respect to the given top-site C60 

(Figure 5.14a), and (2) two template-defined close-packed structures which have high 

symmetry (A-close packing and B-close packing), observed at TCB 

supernatant/HOPG interface. The shift structures are energetically much less stable 

than close packed structures. The adsorption energies of the R1 C60 over the top-site 

structure for these structures are listed in Table 5.1. The final optimized geometries 
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are presented in Figure 5.16. 

 

Figure 5.16 The DFT calculated geometry of R1 layer C60 on T layer/COF-1/graphene 

bilayer. (a) A-pattern shift. (b) B-pattern shift. (c) A- close packing. (d) B- close 

packing. 

C60 growth of the R2 layer was simulated by adding a third C60 molecule over the 

bilayer structure (Figure 5.16a and b). The adsorption energies of the R2 C60 are listed 

in Table 5.1. The final optimized geometries of different architectures are shown in 

Figure 5.17. 
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Figure 5.17 The DFT calculated geometry of R1 and R2 layer C60 on T 

layer/COF-1/graphene bilayer. (a) A-FCC architecture. (b) A-HCP architecture. (c) 

B-FCC architecture. (d) B-HCP architecture.


























































































