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ABSTRACT 

There are few general methods for the nanoscale organization of functional modules in three 

dimensions, an issue that needs to be addressed as device fabrication reaches its lower length-

scale limits. The bottom-up self-assembly approach aims to organize such functional subunits 

into repeating patterns at nanometer length scales in ways that their collective assembly at an 

interface makes them addressable. The central hypothesis investigated here is that five-

coordinate gallium-porphyrin monolayers with covalently bound axial ligands are good 

candidates for supports in such a bottom-up approach. The two-dimensional assembly of 

porphyrins on planar surfaces is a richly developed field, and the incorporation of a metal that 

can axially coordinate to a ligand of interest offers a modular method of extending the assembly 

into the third dimension. 

This work describes a dual approach to the functionalization of self-assembled five-

coordinate gallium(III)octaethylporphyrin (Ga(OEP)X) monolayers. The first is a covalent 

functionalization of the axial ligand to incorporate functional modules.  To initially investigate 

the effects of covalently adding a fifth ligand to self-assembled arrays of metalloporphyrins, a 

series of Ga(OEP)X complexes (X = Cl, Br, I, O3SCF3, CCPh) was studied via density functional 

theory (DFT) and scanning tunneling microscopy (STM) at the solid-liquid interface. Additional 

functionality was then incorporated using ethynylferrocene and zinc ethynyltetraphenylporphyrin 

ligands. The assembly of select complexes was also investigated on a variety of substrates 

including highly oriented pyrolytic graphite (HOPG), single layer graphene on copper foil, and 

monolayer MoS2. 

The second approach for surface functionalization described in this work is the 

supramolecular incorporation of fullerenes into the inter-ligand cavities formed by the unit cell 
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of the self-assembled monolayer. This approach both takes advantage of the favorable size match 

between the unit cell in Ga(OEP)X monolayers with that of fullerene guest molecules and further 

axially incorporates a ligand predicted to have affinity for fullerenes. Various templating ligands 

were investigated (1-ethynylpyrene, 2-ethynylpyrene, 3-ethynylthiophene, 9-ethynylanthracene, 

9-ethynyltriptycene, and 1-pyrenecarboxylate) by molecular modeling and STM. The various 

factors that affect fullerene templating, such as ligand height, deposition method, and 

concentration are discussed. 
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CHAPTER 1 

Introduction 

There exist few general methods for the nanoscale organization of function-rich molecules 

and nanoparticles that allow for precise control over their three-dimensional (3D) positioning, 

as is necessary to explore and develop the full range of collective functions that might emerge 

from such assemblies.1 In order to continue to push the lower length-scale limits of device 

fabrication and to harness the unique properties of the materials within these devices, there is a 

growing need for new design strategies. Driven by the needs for scalability and micron-scale 

connectivity of such devices, bottom-up noncovalent self-assembly on surfaces is often invoked 

as a desirable approach because it enables, in principle, the precise, repetitive positioning of 

functional subunits on nanometer length scales at an interface that can make them addressable.2-

4 In the design of these assemblies, it will be of great importance to engineer methods of 

accurately patterning the functional constituents in order to gain cooperative function necessary 

for practical device integration and scalability. 

The ordered self-assembly of molecules into two-dimensional (2D) monolayers on 

atomically flat substrates has been extensively studied.2, 5-8 In monolayers of this type, the 

molecules are typically oriented such that a substantial portion of their surface is in contact 

(physisorbed) with the substrate, and the 2D patterns they form are governed by intermolecular 

interactions among substituents along their backbones, periphery, and/or termini. Thus, they are 

distinct from the extensively studied class of self-assembled end-bound molecular monolayers 

whose archetypes are alkane-thiols on gold surfaces, in which a thiol-gold bond anchors the 

molecule to the substrate and the alkyl group extends above the surface.9-14 There have been 

relatively few efforts to use 2D monolayers as platforms for organizing molecules or 

nanostructures in 3D. Examples include the use of triazatriangulenium ions as a platform for a 
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“click type” attachment of functional molecules,15-20 and the “nanocrane” approach of Janus 

tectons that aim to lift functional unit off of the surface at defined spacings.21 This speaks to the 

possibility of developing a general method for using 2D monolayers as a basis for organization 

that is controllable in all three dimensions; we aim to find a system that is highly modular and 

therefore structurally and functionally tunable (Figure 1.1). 

 

Figure 1.1. Schematic of the bottom-up approach to the functionalization of surfaces into the 

third dimension. (A) An atomically smooth surface that allows micron-scale electrical contact. 

(B) 2D self-assembled molecular monolayer in which the (x,y) coordinates of each molecule are 

controlled by its shape and peripheral substituents. (C) 2D self-assembled monolayer of an 

analogue of the molecules in (B), in which an orthogonal substituent or ligand of defined length 

establishes a specific (x,y,z) coordinate at its terminus. (D) Attachment of a functional subunit to 

the terminus in (C), showing the encoding of their positions in the design criteria outlined in (B) 

and (C). Deposition of this molecule results in location of the functional unit at pre-determined 

sites in the monolayer, patterned by self-assembly methods.  

Porphyrins are particularly intriguing candidates as building blocks in bottom-up self-

assembled systems for several reasons. First, they have a wealth of optical, catalytic, biomimetic, 

and photophysical properties that could be used to enrich the functionality of the assemblies.22-29 

Secondly, they possess a modular structure that allows for great diversity in both the structure 

and function that can be tuned into the assemblies (Figure 1.2). Both the peripheral substituents 

and metal centers can be varied via well-studied synthetic methods.30-32 Further, if a five- or six-

D 
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C

 



3 
 

coordinate metal is incorporated, axial ligation gives yet another point of modular 

functionalization. Perhaps most importantly, planar porphyrins (and some 5- and 6-coordinate 

porphyrins) have been shown to self-assemble on two-dimensional substrates into robust, well-

ordered arrays under myriad conditions, making them excellent candidates for studies 

incorporating them for developing scalable, functionalized materials.  

 

 

Figure 1.2 Generic porphyrin structure highlighting its modular nature. 

The two-dimensional assembly behavior of both free-base and metalloporphyrins has been 

well-characterized by scanning tunneling microscopy (STM) under a wide variety of 

conditions.22-26, 33 STM has become the standard method of choice for such studies due to its 

ability to gain insight into submolecular level structure, its sensitivity to changes in electronic 

structure, and the wide variety of conditions under which it can perform.2, 25, 26, 33, 34 Many 

hundreds of porphyrin studies on atomically flat substrates have been done under ultra-high 

vacuum (UHV) conditions33 which offer the benefit of resolution of great atomic and electronic 

details, but are more arduous to prepare and carry out, and less emulate the conditions needed for 

practical, scalable devices. Assembly has been observed on a wide range of substrates, including 

a variety of metals (Au, Ag, Cu, among others), and highly oriented pyrolytic graphite 

(HOPG).25, 26 HOPG offers several benefits as a substrate: atomically flat surfaces can be easily 

R1 = β peripheral substituent 

R2 = meso peripheral substituent 

M = central metal atom 

L1, L2 = axial ligands 
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prepared via the adhesive tape method, the favorable π-π interactions create robust porphyrin-

HOPG assemblies, and the substrate is compatible with preparation and imaging under ambient 

conditions (e.g., at the solid-air and solid-liquid interfaces).25  

While many factors play a role in governing the assembly of molecules into 2D monolayers 

on a surface, porphyrin-porphyrin intermolecular interactions are important in determining the 

2D lattice structures that form, particularly under ambient conditions.24-26 Varying the peripheral 

substituents on the porphyrin will have a large influence on the type of assembly observed. These 

are generally determined by the types of interactions that the peripheral groups are able to form 

with each other (i.e. van der Waals, hydrogen bonding, metal-coordination interactions). The 

type of interaction can influence the shape of the lattice, ranging from a close packed, pseudo-

hexagonal unit cell in octaethylporphyrin with compact peripheral side chains to a more open, 

lamellar lattice in meso-tetralkyl-substituted porphyrins. The spacing between the porphyrin 

cores also varies with the change in substituents, with distance ranging from ~1.3 nm for 

octaethylporphyrins35 to ~3.3 nm for the longest-chain alkyl-substituted porphyrins.36 

While the surface chemistry of four-coordinate porphyrins has been thoroughly studied, 

reports of monolayers of metalloporphyrins that possess axial ligands are comparative rare, 

particularly those studied under ambient conditions. However, monolayers of axially ligated 

metalloporphyrins are of potential interest in several contexts. The reversibility of the metal-

ligand bond in systems with small equilibrium binding constants has made these attractive 

candidates for applications in catalysis, energy transfer, and small-molecule sensing, with the 

surface itself often influencing these phenomena in interesting ways.33, 34, 37 Many of these 

examples involve small molecule-binding (i.e. NO, CO, NH3) or ligand transfer (i.e. Cl) 

reactions under UHV conditions.33, 38, 39 A few examples have sought to elucidate the 
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thermodynamics of these systems at the solid-liquid interface, such as studies of the binding of 

O2 to porphyrins on the surface.37, 40  

Another primary interest in axially ligated metalloporphyrins lies in their ability to act as 

scaffolds for the bottom-up construction of architectures perpendicular to the surface, with the 

metal atom acting as an attachment point for further functionalization. This approach looks to 

utilize the controllable pattern of the underlying 2D monolayer as a template for regular sites to 

extend into the 3rd dimension. Examples using this motif that extend beyond halide41-43 and oxo35, 

37, 44 ligands include Zn(OEP) coordination polymers,45, 46 imidazole,34 and various pyridyl 

derivatives.47-49 However, these latter examples are based off of dative interactions between the 

central metal atom and axial ligand that have been shown to be labile during STM scanning.47 A 

covalent metal–ligand bond would both be more robust and would allow the deposited material 

to be fully characterized prior to deposition. 

In this work, we test the central hypothesis that monolayers of five-coordinate 

metalloporphyrins can act as a scaffold for the 3D organization of materials. We aim to use two 

complementary approaches: covalent axial ligation of pre-determined sites with desirable 

functional modules, and supramolecular interactions of axial affinity groups for target guest 

molecules. This hypothesis is built on the understanding that we can use the wealth of reported 

knowledge about the 2D assembly of porphyrins on surfaces to position the central metal atoms 

precisely within the monolayer. The metal atom then acts as an anchor point for the covalent 

ligation of a subunit that extends perpendicular to the surface at a defined distance based on the 

choice in ligand (Figure 1.1D). This subunit then either acts on its own to bring further 

functionality into the assembly or interacts supramolecularly with other functional modules. 
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As discussed above, there are relatively few reports of five-coordinate metalloporphyrin 

assemblies on surfaces, and therefore, a systematic study of the effects that axial ligands have on 

assembly behavior under ambient conditions is required. The complexes of 

Ga(III)octaethylporphyrin (OEP) are good candidates for such an investigation. Gallium(III) is 

the metal of choice for initial investigations for several reasons. First, it is capable of forming 

five-coordinate, square-pyramidal complexes with a covalently bound axial ligand.50-52 Secondly, 

the synthesis of several Ga(OEP)X compounds are reported in the literature,53-62 and given that 

harsh reaction conditions are employed, such as in the cases of Ga(OEP)Cl,55 synthesized in 

refluxing glacial acetic acid, and Ga(OEP)I,55 synthesized under a continuous flow of HI gas, 

Ga(OEP)X compounds are predicted to be a robust and air-stable class of molecules suitable for 

surface studies. Finally, prior work in both the literature57 and our lab63, 64 has demonstrated that 

gallium(III) porphyrins with various acetylide ligands can be made straightforwardly from the 

reaction of the Ga(Por)Cl with LiCCR ligand of choice, making functionalization synthetically 

modular.  

Likewise, OEP is a good candidate for initial investigations into the effects of covalent axial 

ligation on porphyrin surface assembly. Four-coordinate M(OEP) complexes are known to form 

well-ordered and well-studied monolayers on HOPG at the solid–air and solid–liquid interfaces 

(M = Ni,34, 35, 65-67 Co,37, 44, 67, 68 Pt,69, 70 Cu,71, 72 Zn71, 73). While the crystal structures of four-

coordinate M(OEP) complexes show that the porphyrin core is planar or very slightly ruffled,74-79 

those reported for Ga(OEP)X50, 53, 56, 59, 60 exhibit a slight dome in the porphyrin structure, with 

the gallium atom above the N4 plane, which is in turn above the plane of the porphyrin 

macrocycle (Figure 1.3). Such distortions may affect any of several interactions that have been 

shown to contribute to adsorption of M(OEP) complexes onto HOPG, including metal-graphite 
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interactions and π-π stacking.80, 81 We predict we are more likely to observe any effects of these 

distortions on surface assembly in monolayers of OEP complexes, compared to porphyrins with 

bulkier peripheral substituents, because the compact ethyl side chains are predicted to have 

minimal impact on the assembly of the monolayers.82 

 

   

Figure 1.3. Illustration of doming effect predicted in Ga(OEP)X molecules assembled on HOPG 

(A) as compared to planar four-coordinate analogs (B) showing the distortion of the gallium 

atom above the plane of the porphyrin macrocycle. 

Once a systematic study of the effects of incorporating a covalently-coordinated axial ligand 

is completed, we aim to axially incorporate functional units that are capable of exhibiting 

collective function in an assembly. This type of functionality may include, but is not limited to, 

redox chemistry, magnetism, photoactivity, or mechanical action. Previous examples of such 

incorporation extending into the third dimension include derivatives of the photoactive 

azobenzene molecule that is capable of acting as a molecular switch,18, 47 porphyrin 

chromophores,15 fullerenes,21  and derivatives of the electroactive ferrocene molecule,14 among 

others. Prior work in our lab64 has demonstrated that axial oligo-phenylene-ethynylene ligands, 

of interest due to their applicability as molecular wire components,83 can be covalently ligated to 

meso-substituted tetradecyl porphyrins (TC10P) and their assembly behavior on HOPG at the 

solid-liquid interface observed. However, these Ga(TC10P)X monolayers tended to give multiple 

lattices; we now aim to both further expand the range of functional ligands incorporated to both 

photo- and electroactive components while maintaining a predictable 2D assembly structure. 

B A 
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With the first goal of covalent functionalization of porphyrin monolayers in mind, we further 

hypothesize that we can combine our knowledge of the 2D assembly of porphyrins on surfaces to 

axially ligate an affinity group that can template the supramolecular assembly of a nanoparticle 

(Figure 1.4). This is a complementary approach to the covalent attachment of functional modules 

previously discussed that will (a) build up complex and unique surface architectures and (b) 

place functional units in atomically defined proximity.2, 26 Developing new, spatially controllable 

approaches for the self-assembly of nanoparticle arrays directly at the interface is important to 

advancing their potential applications.84, 85 By employing a five-coordinate porphyrin monolayer 

template, we propose to construct a surface corral whose unit cell is commensurate with a target 

nanoparticle and whose axial ligand has affinity for said nanoparticle. A range of lattice 

constants is available by employing longer meso-tetra(alkyl)porphyrins (TCnP, n = 10–19); the 

free-base porphyrins form monolayers on HOPG at the solid–liquid interface with lattice 

constants that range up to 3.3 nm.36, 49, 86-90 The resulting unit cell is in the range of very small 

gold nanoparticles.91   

 

 
Figure 1.4. Proposed method of supramolecular assembly of nanoparticles into arrays of five-

coordinate metalloporphyrin monolayers with a unit cell of appropriate size and an axial ligand 

of appropriate affinity. 
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As a starting point, however, we first turn our attention to the unit cell formed by M(OEP) 

monolayers. From literature reports35, 37 and preliminary work done in our lab,63 we expect these 

to have a pseudo-hexagonal cell commensurate with templating a small nanoparticle such as C60 

(Figure 1.5). We therefore aim to synthesize a Ga(OEP)X molecule with an axial ligand that has 

affinity for fullerenes. The numerous potential applications of fullerenes in  solar cells, sensors, 

electronics, optical devices, light harvesters, and molecular machines make them promising 

candidates for the incorporation into functional devices.92, 93 Because they can be 

straightforwardly functionalized,94 this is also a highly versatile class of molecules for 

investigation. Their applications often require that they be part of a larger assembly, interfacing 

with additional materials (i.e. in bulk-heterojunction solar cells)95, 96 or in contact with a solid 

support97 to take full advantage of their unique properties. In our proposed motif, we spatially 

organize the fullerenes via electron donor-acceptor interactions with the axial ligand while 

interfacing them to the surface where they are in close contact with the porphyrin. 
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Figure 1.5. Molecular model of the predicted approximate pseudo-hexagonal unit cell of M(OEP) 

complexes on HOPG commensurate with the van der Waals diameter of one fullerene molecule. 

Supramolecular assemblies involving fullerenes are preferable to those prepared by covalent 

functionalization for a number of reasons.97-100 First, equivalent bonding sites in the fullerenes 

make forming extended regular polymeric 2D and 3D structures difficult. Second, covalent 

synthesis of assemblies will necessarily require multiple steps, which can be cumbersome, 

whereas thermodynamically driving the self-assembly of nanostructures offers an “ease” of 

construction. Third, supramolecular assemblies offer a large scope in the types of molecules and 

interactions that can be explored under a variety of conditions. Finally, covalent functionalization 

often causes the fullerene to lose some of the attendant properties that make it an attractive 

molecule for incorporation into devices, and therefore the supramolecular organization of 

pristine C60 is a common target.  

Carbon nanostructures are prone to forming aggregates,98 and the basic spherical shape of the 

fullerene molecules themselves offer a limited range of self-assembled structures that can form 

on a surface;101 this has led to the development of several motifs of rationally designed surface-

assisted templates to aid in the assembly of the fullerene onto the surface.97, 102 These templates 



11 
 

can be effective by creating a “nanowell” of the appropriate size to host one or more guest 

molecule.103-106 However, these wells must be precisely engineered to the correct size and often 

rely on surface-assisted interactions for successful templating. Other approaches have further 

incorporated functional groups that have affinity for the fullerene, such as thiophene units, in an 

effort to increase the fullerene-template interactions.107-110 We aim to combine the two 

approaches by utilizing a unit cell with an appropriate size and an axial affinity group with 

donor-acceptor interactions as a unique templating method. 

In the following work, we describe the efforts towards answering two fundamental questions: 

(1) Can monolayers of five-coordinate metalloporphyrins be used as frameworks for the 3D 

organization of functional units that are covalently templated to the pattern of the underlying 2D 

monolayer; and (2) Can monolayers of five-coordinate metalloporphyrins be used to 

supramolecularly template the assembly of a small nanoparticle under ambient conditions? 

Chapters 2 and 3 describe efforts toward answering the first question. In Chapter 2, we 

provide a systematic study of varying the axial ligand across a series of Ga(OEP)X complexes 

(OEP = octaethylporphyrin; X = Cl, Br, I, O3SCF3, CCPh). We describe density functional 

theory predictions of how the structure varies with axial ligand and STM studies detailing any 

effects these changes have on their assembly behavior at the solid-liquid interface (HOPG, 1-

phenyloctane). Chapter 3 describes efforts to covalently add functionality into our self-assembled 

arrays by axial ligation of electroactive (ferrocene) and photoactive (porphyrin) ligands of great 

height and steric bulk such that models of the forecasted on-surface geometry predict hindered 

rotation of some axial ligands. Attempts at varying the linker motif between acetylide and 

carboxylate are also discussed. 
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Building off of the results in Chapters 2 and 3 in which a highly reproducible unit cell in 

Ga(OEP)X-type complexes is observed, despite variations in axial ligand, we then turned 

towards the second question of the supramolecular assembly of the small nanoparticle C60 and its 

derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) in Chapters 4 and 5. In Chapter 4, 

we describe our initial templating efforts using 1-ethynylpyrene and 2-ethynylpyrene axial 

ligands as an affinity group to guide the assembly of fullerenes into the intra-ligand cavity 

formed by the porphyrin monolayer. In Chapter 5, we describe the exploration of the factors that 

potentially comprise an effective fullerene template, through the incorporation of several 

different affinity group ligands (3-ethynylthiophene, 9-ethynylanthracene, 9-ethynyltriptycene, 

and pyrenecarboxylate). 
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CHAPTER 2 

Axial Ligand Effects on the Structures of Self-Assembled Gallium–Porphyrin Monolayers 

on HOPG 

NOTE: This work has previously been published in an alternative format in Kamm, J. M.; 

Iverson, C. P; Lau, W.-Y.; Hopkins, M. D. Langmuir 2016, 32, 487–495. 

2.1. Introduction 

The self-assembly of molecules into ordered 2D monolayers on planar surfaces has been 

extensively studied. Interest in these molecular arrays has been motivated, in part, by the 

prospect that they may have useful applications derived from the collective properties of their 

subunits and the nanometer length scales of their repeating patterns.1-5 Among building blocks 

for these arrays, porphyrin complexes have been of particular interest because of the possibility 

that the diverse optical, photophysical, redox, and catalytic properties of these molecules could 

be used to enrich the functionality of the assemblies.6-11 Structural studies of porphyrin 

monolayers using scanning tunneling microscopy (STM) have shown that robust, well-ordered 

arrays self-assemble on a variety of atomically flat substrates, including metals (e.g. Au(111), 

Cu(111)) and highly oriented pyrolytic graphite (HOPG), using deposition conditions that range 

from evaporation in ultra-high vacuum to benchtop, room-temperature immersion of substrates 

into porphyrin solutions.8-11 The wide range of conditions under which ordered porphyrin arrays 

form makes them excellent systems both for fundamental physical studies and for developing 

scalable functionalized-surface materials.  

Within the area of porphyrin surface chemistry, monolayers of metalloporphyrins that possess 

axial ligands have been much less studied than those composed of planar free-base and 4-

coordinate metalloporphyrins. Monolayers of axially ligated metalloporphyrins are of potential 
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interest in several contexts. For metalloporphyrins whose axial ligation is characterized by 

comparatively small equilibrium binding constants, the reversibility of metal–ligand bond 

formation opens possibilities for catalysis, small-molecule sensing, or switchable modulation of 

the electronic properties of the assembly. Examples of these phenomena include the surface-

enhanced reversible binding of O2 to Co octaethylporphyrin (OEP) on HOPG,12 axial-ligand-

induced redox chemistry of metalloporphyrins on surfaces,13, 14 and the surface trans effect 

observed with axial-ligand binding to Fe, Co, and Zn porphyrin complexes on Ag(111).15 Axially 

ligated metalloporphyrins are also of interest because they could provide bottom-up scaffolds for 

construction of supramolecular structures perpendicular to the surface, as has been illustrated by 

HOPG-supported Zn(OEP) coordination polymers16, 17 and by frameworks for the 3D 

organization of functional units that are templated to the pattern of the underlying 2D 

monolayer.18 

One fundamental difference between the structures of 4-coordinate and 5-coordinate 

metalloporphyrins is that, whereas 4-coordinate porphyrins are usually planar, 5-coordinate 

porphyrins generally possess domed structures in which the metal center is positioned above the 

plane of the porphyrin macrocycle.19 Crystal structures show that five-coordinate gallium 

OEPs20-24 afford domed structures with the gallium atom displaced above the N4 plane which is 

in turn slightly above the least-squares C20 plane. The extent of the core doming effect in 

Ga(OEP)X compounds noticeably varies depending on the identity of axial ligand, with Ga-N4 

displacements ranging between 0.34 Å for Ga(OEP)(SO3Me)21 and 0.457 Å for Ga(OEP)(SPh).23 

In contrast, their four-coordinate analogs have planar (Ni(II) triclinic forms,25, 26 Fe(II),27 

Co(II),28 Cu(II)29) or slightly ruffled (Ni(II) tetragonal form30) cores. The crystal structure of 
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Sn(II)OEP25 shows that the tin atom lies 1.018 Å from the N4 plane, though this distortion is 

expected for heavy elements.  

Such structural distortions are likely to affect the nature and strength of surface–molecule 

interactions and, therefore, the stability and/or structures of their monolayers. Computational 

studies have shown that the adsorption of 4-coordinate M(OEP) complexes onto HOPG is 

characterized by a complex balance of forces that include electrostatic adsorption energies, 

charge redistribution, and changes to the porphyrin core due to π-π stacking and metal–graphite 

interactions,31, 32 all of which, in principle, could be perturbed by distortions to the porphyrin 

core planarity. However, there have not been systematic experimental studies of how the stability 

and structures of metalloporphyrin monolayers depend on the nature of the axial ligand. 

In order to probe the extent to which the properties of 5-coordinate porphyrin monolayers are 

sensitive to the nature of the axial ligand, the structures of Ga(OEP)X monolayers on HOPG 

have been studied by STM. OEP was chosen as the porphyrin ligand for this study because its 

compact side chains minimize the contributions of the peripheral substituents to the porphyrin–

surface interaction,33 thus enhancing the consequences of structural changes brought about by the 

axial ligand. Further, its 4-coordinate M(OEP) complexes form well-ordered and well-studied 

monolayers on HOPG at the solid–air and solid–liquid interfaces (M = Ni,34-38 Co,12, 37, 39, 40 Pt,41, 

42 Cu,43, 44 Zn43, 45). Gallium(III) was selected as the metal for probing axial-ligand effects 

because Ga(OEP)X compounds possess domed structures in which the displacement of the Ga 

center above the OEP N4 plane varies as a function of axial ligand.20-24 In this chapter, the 

molecular and monolayer structures of Ga(OEP)X derivatives with axial ligands that span a 

range of electron withdrawing and donating character (Ga(OEP)X, X = O3SCF3, Cl, Br, I, CCPh) 

are described. Density functional theory calculations of these complexes show that the nonplanar 
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distortion is a sensitive function of the axial ligand. STM studies of their monolayers on HOPG 

show that while all derivatives exhibit the same 2D structure, the extent of surface coverage 

depends on the X ligand. Further, Ga(OEP)I is capable of forming a bilayer structure whose 

periodicity is distinct from that of other derivatives.  

2.2. Experimental 

Detailed experimental procedures and characterization for all complexes can be found in 

Chapter 6.1. Ga(OEP)Cl was prepared by reacting GaCl3 with H2OEP under refluxing acidic 

conditions and was used as the starting material for all other compounds. Ga(OEP)Br, Ga(OEP)I, 

and Ga(OEP)(O3SCF3) were prepared by reacting Ga(OEP)Cl with the corresponding 

trimethysilyl halide/pseudohalide at room temperature. Ga(OEP)(CCPh) was prepared by first 

reacting HCCPh with nBuLi to generate LiCCPh, which was then reacted with Ga(OEP)Cl at 

room temperature to yield the final product. All compounds were characterized by 1H NMR, 

UV-vis, and LDI-MS. While all compounds have been reported in the literature, not all have 

been fully characterized, and additional characterization details were recorded and reported in 

Section 6.1.5 as necessary. 

Further, the gas-phase optimized structures of all compounds were calculated by density 

functional theory (DFT) as described in Section 6.1.2. Both the minimum-energy structures and 

the structure predicted to be adopted by the molecules on the surface (with all eight ethyl chains 

oriented away from the surface) were calculated and the structures and energies compared. The 

self-assembly of the compounds at the solid-liquid (1-phenyloctane) interface was studied via 

scanning tunneling microscopy (STM). Detailed deposition and structural analysis methods can 

be found in Sections 6.1.3 and 6.1.4. 
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2.3. Results and Discussion 

2.3.1. Synthesis and Characterization of Ga(OEP)X Compounds. The compounds 

Ga(OEP)Br,46 Ga(OEP)I,47 and Ga(OEP)(OTf)21 have been synthesized previously by reactions 

between Ga(OEP)Cl and HX in methanol or toluene, with the conditions for the iodo compound 

requiring an extended reaction time under a continuous flow of HI gas. We wondered if these 

compounds could be synthesized more efficiently and under milder conditions by reactions 

between Ga(OEP)Cl and SiMe3X in toluene at room temperature, following the example of the 

synthesis of Zr(OEP)(OTf)2
 from the reaction between Zr(OEP)Cl2 and SiMe3(OTf).48 The 

progress of these reactions is conveniently monitored by 1H NMR spectroscopy, in which the 

chemical shift of the meso C–H resonance is diagnostic (X = Cl,  10.36; Br, 10.41; I, 10.43; 

OTf, 10.44). In general, after a single treatment of Ga(OEP)Cl with SiMe3X a trace amount of 

unreacted Ga(OEP)Cl could be detected by 1H NMR in the reaction mixture; thus, the procedure 

was repeated, after which unreacted Ga(OEP)Cl was no longer detected. The synthesis of 

Ga(OEP)(CCPh) proceeds readily when Ga(OEP)Cl is reacted with LiCCPh. All compounds 

were characterized by 1H NMR spectroscopy, electronic-absorption spectroscopy, and LDI-TOF 

mass spectrometry.  

The 1H NMR spectra of the compounds (Figures 6.2–6.3, 6.5–6.8) are consistent with 

literature reports of metallated octaethylporphyrin complexes.21, 47, 49-51 A notable feature of this 

type of compound is a complex multiplet at ca. 4.0 ppm attributable to the methylene protons of 

the ethyl chain. It has been hypothesized in related thallium49 and mercury50 octaethylporphyrin 

complexes that such inequivalence is due to diasteriotopicity brought on by the metal atom being 

out of the plane of the porphyrin macrocycle. Further, significant upfield shifts of ligated phenyl 

acetylide resonances in Ga(OEP)(CCPh), as compared to those of the free phenylacetylene 
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ligand, are noted. These shifts are due to the strong ring current influence of the porphyrin, and 

has the largest effect on the protons closest to the porphyrin ring (7.40 → 5.32 ppm for o-C6H5 

resonance compared to 6.89 → 6.00 ppm for p-C6H5 resonance in C6D6). 

Likewise, the UV-vis spectra of all compounds taken in toluene (Figure 6.9, Table 6.2) are in 

good agreement with reports of metallated octaethylporphyrin complexes in solution.21, 22, 51-55 

Upon metalation, the four Q-bands (S0→S1) observed for the free-base are reduced to two, as the 

symmetry of the molecule is increased. In all Ga(OEP)X cases reported here, Q(0,0) is higher in 

intensity than Q(1,0). The position of these bands is somewhat sensitive to ligand substitution, 

with a 12 nm variation in Q(1,0) observed between Ga(OEP)(O3SCF3) and Ga(OEP)(CCPh) 

(531 nm and 543 nm, respectively), but very little variation observed across the halide series (see 

Table 6.2). Red-shifting in metalloporphyrins can result from distortions from planarity;56 the 

shifts observed correlate with predicted out-of-plane gallium atom displacements calculated by 

density functional theory (discussed in next section). The prominent Soret bands (S0→S2) range 

from 399 nm (Ga(OEP)(O3SCF3)) to 416 nm (Ga(OEP)I) with an associated vibronic feature to 

the blue of this. Additional bands in the UV can be observed, a combination of weak porphyrin 

and ligand-derived absorption features. 

Ga(OEP)Br was additionally characterized by 13C{1H} NMR spectroscopy and elemental 

analysis, as characterization data were not provided in the original report of this compound.46 

The formulation of Ga(OEP)(CCPh) was confirmed by LDI-TOF mass spectrometric data, 

because the 1H NMR chemical shifts for the samples prepared in this study differ from those 

reported previously by up to 0.5 ppm and the electronic-absorption band maxima differ in 

wavelength by up to 10 nm (Table S2).51 19F-NMR of Ga(OEP)(O3SCF3) in C6D6 shows one 

singlet at –80.36 ppm, confirming only one fluorine containing material is present. All 
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compounds are stable in C6D6 solution in air for at least 3 days, as monitored by 1H NMR 

spectroscopy; thus, they are stable well beyond the time scale of the STM measurements, which 

are on the order of hours. Solutions of Ga(OEP)I and Ga(OEP)(CCPh) decompose into unknown 

porphyrinic products on extended exposure to air over several weeks.  

2.3.2. DFT Calculations of Ga(OEP)X Compounds. The gas-phase molecular structures of 

Ga(OEP)X compounds were calculated using density functional theory (DFT) in order to probe 

the influence of the axial ligand on the structure about the Ga center and the planarity of the 

porphyrin ring. The calculated structures of the complexes are shown in Figure 2.1. The core 

porphyrin structures of all compounds except Ga(OEP)(O3SCF3) exhibit approximate C4v 

symmetry, as indicated by equivalences among Ga–N bond distances and N–Ga–X bond angles. 

For Ga(OEP)(O3SCF3), the axial asymmetry of the triflate ligand produces small distortions from 

C4v symmetry ((N–Ga–O) = 96.5–102.4˚, d(Ga–N) = 2.029–2.032 Å, Table 2.1). For all 

compounds, the minimum-energy geometry is that in which the OEP methyl groups lie on the 

opposite side of the OEP plane from axial ligand. The rotamer in which they lie on the same side 

of the OEP plane as the axial ligand, as expected when the complex is adsorbed to HOPG (vide 

infra),36, 57 is very close in energy.  
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Ga(OEP)Cl      Ga(OEP)Br 

 

      

   Ga(OEP)I                 Ga(OEP)(O3SCF3) 

 

 

         Ga(OEP)(CCPh) 

Figure 2.1. Calculated molecular structures of Ga(OEP)X complexes. Atoms are color coded: 

Ga, orange; N, blue; C, black; H, white; Cl, lime green; Br, brown; I, purple; O, red; S, yellow; 

F, green. 

All Ga(OEP)X compounds are calculated to possess a domed structure in which the Ga atom is 

positioned above the plane of the porphyrin ring (Figures 2.1 and 2.2); such distortions have 
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been observed experimentally in the crystal structures of similar Ga(OEP)X compounds.20-24 The 

Ga atom is situated 0.34–0.50 Å above the N4 plane, which in turn lies ~0.02–0.05 Å above the 

least-squares plane defined by the C20 ring (Table 6.3). The out-of-plane distortions for the 

rotamer in which the OEP methyl groups are oriented toward the X ligand are of similar 

magnitude (Table 6.3). The lower and upper limits of the range of Ga displacement are defined, 

respectively, by Ga(OEP)(O3SCF3) (Ga–N4, 0.336 Å; N4–C20, 0.017 Å) and Ga(OEP)(CCPh) 

(Ga–N4, 0.495 Å; N4–C20, 0.048 Å), with the three halide derivatives having roughly equal 

intermediate domed distortions (Ga–N4, 0.445–0.452 Å; N4–C20, 0.026–0.034 Å). Thus, the 

nature of the axial ligand has the potential to affect the contact distance between the Ga atom and 

HOPG surface in monolayers of Ga(OEP)X compounds. 

Table 2.1. Selected Bond Distances (Å) and Angles (°) for Ga(OEP)X Complexes Calculated by 

Density Functional Theory. 

 X  

Nuclei Cl (exptl)20 Cl Br I O3SCF3 CCPh 

Ga–X 2.2397(13) 2.2201 2.3799 2.6011 1.9348 1.9559 

Ga–N(1) 

Ga–N(2) 

Ga–N(3) 

Ga–N(4) 

2.033(4) 

2.030(4) 

2.038(4) 

2.037(4) 

2.054 

2.054 

2.054 

2.054 

2.054 

2.054 

2.054 

2.054 

2.054 

2.054 

2.055 

2.055 

2.030 

2.029 

2.032 

2.030 

2.068 

2.068 

2.068 

2.068 

N(1)–Ga–X 102.2(1) 102.5 102.6 103.0 100.3 103.9 

N(2)–Ga–X 100.9(1) 102.5 102.7 103.0 102.4 103.9 

N(3)–Ga–X 101.3(1) 102.5 102.4 102.4 98.8 103.9 

N(4)–Ga–X 100.8(1) 102.5 102.5 102.5 96.5 103.8 
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Figure 2.2. Calculated (DFT) displacements of Ga(OEP)X nuclei from the mean plane of the 

C20N4 OEP macrocycle. Ethyl groups and X ligands are not shown. Displacements are given in 

0.01 Å. 
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2.3.3. STM Imaging of Ga(OEP)X on HOPG. Deposition of a 1-phenyloctane solution of 

Ga(OEP)X compounds on HOPG results in their self-assembly into well-ordered monolayers, as 

determined by STM imaging of these samples at the solid–liquid interface. The monolayers were 

studied at two concentrations: 0.25 mM (all compounds) and 0.5 mM (all compounds except 

Ga(OEP)(O3SCF3), whose saturation solubility in 1-phenyloctane is < 0.5 mM). For each 

compound, the lattice parameters (vide infra) at the two concentrations are statistically 

indistinguishable. Ordered arrays whose widths span hundreds of nanometers are observed. 

Representative large-scale images for Ga(OEP)Cl and Ga(OEP)Br are shown in Figure 2.3. For 

samples at the higher concentration (0.5 mM), large-scale images (100 nm × 100 nm) typically 

do not exhibit regions of exposed graphite by the time the first image is acquired following 

deposition (i.e., within 5–10 minutes). At the lower concentration (0.25 mM), regions of exposed 

graphite are observed in the earliest images of the monolayers; these regions gradually fill in for 

Ga(OEP)Cl, Ga(OEP)Br and Ga(OEP)I (see Figure 2.4 for example), but persist for 

Ga(OEP)(CCPh) and Ga(OEP)(O3SCF3) (Figure 2.8a). Except as noted below for Ga(OEP)I, the 

possibility that multilayer porphyrin structures were being observed was excluded by examining 

the height of the porphyrin layer relative to that of the adjacent bare graphite surface at the edges 

of the arrays. 
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Figure 2.3. STM images of (A) Ga(OEP)Cl and (B) Ga(OEP)Br on HOPG at the solid–liquid 

interface (1-phenyloctane, 0.5 mM) showing long-range ordering of the monolayers. The images 

were acquired at: (A) I = 10 pA, V = –600 mV; (B) I = 15 pA, V = –500 mV. 

    

Figure 2.4. STM images of Ga(OEP)Cl on HOPG at the solid–liquid interface (1-phenyloctane, 

0.25 mM) at various times following deposition, showing the filling in of a region of exposed 

graphite: (A) t  = 14 min; (B)  t  = 16 min; (C) t  = 20 min; (D) t  = 22 min. All images were 

acquired at I = 8 pA, V = –500 mV. 

STM images at higher spatial resolution of Ga(OEP)Cl and Ga(OEP)Br monolayers on HOPG 

show that individual porphyrin molecules appear either as bright dots against a flat background 

or as ring-shaped features, depending on the bias voltage. The images and cross-sectional 

profiles for Ga(OEP)Cl displaying the dot and ring features are shown in Figures 2.5a and 2.5b, 

respectively. The corresponding data for Ga(OEP)Br (Figure 2.5c and 2.5d) are very similar to 

those for Ga(OEP)Cl. The spacing of features is observed to be periodic; where defects in the 

lattice are observed, they appear to have no effect on the periodicity of adjacent molecules. The 

chemical nature of these defects is not yet understood. Possibilities include that the site is 

occupied by a Ga(OEP)X compound whose appearance is affected by an underlying HOPG 

A B 

A B C D 
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defect; a vacancy in the monolayer (which may be filled by one or more solvent molecules); or a 

site occupied by a four-coordinate M(OEP) compound. This latter possibility either requires the 

presence of an impurity that is undetectable by NMR spectroscopy (i.e., < 0.5%) or from the loss 

of the X ligand. Attempts to induce these defects by changing the bias and current settings 

proved unsuccessful, suggesting that they are not a result of the STM imaging process. 

In a previous STM study of Ni(OEP) monolayers on HOPG by Ogunrinde, et al., it was 

observed that the Ni(OEP) molecules appear either as a large bright region or a bright ring with a 

dark center, depending on the bias voltage.36 These images were assigned as representing 

tunneling through the central region of the porphyrin ring and through the porphyrin periphery, 

respectively. By analogy, the dot features (Figure 2.5a and 2.5c) are attributed to tunneling 

through the Ga–X units and the ring features (Figures 2.5b and Figure 2.5d) are attributed to the 

porphyrin periphery. These observations indicate that the porphyrins are assembled on the 

surface with the porphyrin macrocycle parallel to the HOPG plane and the Ga–X bond 

perpendicular to the surface.  
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Figure 2.5. STM images and cross-sectional profiles of Ga(OEP)Cl (a and b) and Ga(OEP)Br (c 

and d) monolayers on HOPG at the solid–liquid interface (1-phenyloctane, 0.5 mM): (a) I = 22 

pA, V = –600 mV; (b) I = 20 pA, V = –850 mV; (c) I = 22 pA, V = –300 mV; (d) I = 20 pA, V = 

–700 mV. The cross-sectional profiles are taken along the white lines shown on the STM images. 

The location of a defect in (a) is indicated by arrows.  
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STM images of Ga(OEP)I, Ga(OEP)(O3SCF3), and Ga(OEP)(CCPh) monolayers on HOPG 

under 1-phenyloctane and corresponding cross-sectional profiles are shown in Figure 2.6. The 

images are qualitatively similar to those for Ga(OEP)Cl and Ga(OEP)Br, with the noteworthy 

exception that Ga(OEP)I exhibits a partial bilayer structure (vide infra). For Ga(OEP)I, the cross-

sectional profiles in regions where the bilayer is absent resemble those for the Ga(OEP)Cl and 

Ga(OEP)Br that exhibit the dot features, in that they exhibit peaks of consistent height. In 

contrast, the images for Ga(OEP)(O3SCF3) and Ga(OEP)(CCPh), which have multi-atom axial 

ligands, are more diffuse than those for the halide derivatives and exhibit less consistent apparent 

heights. Broad distributions in apparent height have also been observed in other studies of five-

coordinate porphyrins that have datively bound multi-atom axial ligands.58, 59 Across the data for 

all Ga(OEP)X compounds, there is no correlation between the apparent height and that 

calculated for the free compound in the gas phase by DFT calculations (e.g., the calculated 

height for Ga(OEP)(CCPh) is ~9 Å; the apparent height is ~2 Å).  
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Figure 2.6. STM images and cross-sectional profiles of Ga(OEP)X (X = I, O3SCF3, CCPh) 

monolayers on HOPG at the solid–liquid interface (1-phenyloctane): (a) Ga(OEP)I, obtained in a 

region with no second layer (0.5 mM, I = 15 pA, V = –350 mV); (b) Ga(OEP)(O3SCF3) (0.25 

mM, I = 15 pA, V = –500 mV); (c) Ga(OEP)(CCPh) (0.5 mM, I = 12.5 pA, V = –600 mV). The 

cross-sectional profiles were taken along the white lines shown on the STM images. 

The lattice parameters for the Ga(OEP)X monolayers (Table 2.2) are consistent with pseudo-

hexagonal 2D packing of the molecules, with the a and b vectors being approximately equal in 

length and forming an angle to each other of ~66˚. The unit-cell dimensions are essentially 

independent of the nature of the axial ligand, lying in the ranges a = 1.35–1.39 nm, b = 1.34–

1.37 nm, Γ = 66–68˚; the endpoints of these ranges differ by amounts comparable to the 
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experimental uncertainties. The packing densities also span a narrow range (~0.58–0.61 

molecules/nm2). Although the images are not of sufficient resolution to show the orientation of 

the OEP ethyl groups, it is reasonable to conclude from these results that the axial-ligand-

dependent doming observed for the free compounds does not affect their intermolecular 

orientation. The assignment of a pseudo-hexagonal cell assumes that there is only one molecule 

per unit cell since the orientation of the ethyl groups cannot be resolved. However, in a study of 

CoOEP on HOPG under 1-phenyloctane it was suggested on the basis of molecular modeling 

that a body-centered unit cell minimizes the overlap of the ethyl groups better than the typically 

invoked pseudo-hexagonal cell.12 This possibility cannot be excluded for the Ga(OEP)X 

compounds. 

The pseudo-hexagonal packing for five-coordinate Ga(OEP)X is qualitatively similar to that 

observed in prior studies of four-coordinate M(OEP) compounds (M = Ni,34-37 Co,12, 37, 39, 40 Pt,41, 

42 Cu,43, 44 and Zn43, 45) on HOPG under similar experimental conditions, and of that of the single 

five-coordinate OEP compound that has been studied (V(OEP)(O)).34, 39 Of these compounds 

Ni(OEP) has been the most studied and, thus, provides the logical reference point for the lattice 

parameters for Ga(OEP)X compounds. The unit-cell parameters for Ni(OEP) on HOPG in 1-

phenyloctane under our conditions (Table 2.2) are approximately equal to those for the 

Ga(OEP)X arrays, indicating that the addition of the axial ligand does not appreciably alter the 

packing of the M(OEP) porphyrins. They are also comparable to literature reports under similar 

deposition conditions (Table 2.3). Further, Ni(OEP) is observed to form arrays whose widths 

span hundreds of nanometers observed minutes after deposition (Figure 2.7a). Bright porphyrin 

rings with a dark center can be observed at greater spatial resolution when imaged at negative 

bias potentials (Figures 2.7b and 2.7c), in good agreement with the literature.36 



39 
 

Table 2.2. Lattice Parameters of Ga(OEP)X Compounds and Ni(OEP) on HOPG at the Solid–

Liquid Interface (1-Phenyloctane).a 

a Parameters were determined for samples of concentration 0.5 mM for all samples except 

Ga(OEP)(O3SCF3) (0.25 mM); parameters for X = Cl, Br, I, and CCPh at 0.25 mM are 

statistically indistinguishable from those at the higher concentration. Values in parentheses are 

standard deviations of the last digit. b STM image shown in Figure 2.7. c Bottom layer in a region 

with no second layer. d Second layer of a bilayer array. 

 

   

  

Figure 2.7. STM images of Ni(OEP) monolayers on HOPG at the solid–liquid interface (1-

phenyloctane, 0.5 mM). (A) Long-range ordering of the monolayer: I = 15 pA, V = –500 mV; (B) 

Higher spatial resolution showing porphyrin ring structure and transient vacancy marked with 

arrow: I = 26 pA, V = –600 mV; (C) The cross-sectional profile was taken along the white line 

shown on the STM image: I = 35 pA, V = –725 mV. 
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a (nm) 1.39 (2) 1.37 (4) 1.39 (2) 1.38 (3) 1.39 (2) 1.38 (2) 1.35 (3) 
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Table 2.3. Lattice Parameters for Ni(OEP) on HOPG.a 

ref. imaged 

interface 

dosing condition a (nm) b (nm) Γ (°) 

b solid-liquid 1-phenyloctane  

(<0.11 mM-0.15mM) 

1.28 (0.02) 1.39 (0.02) 57 (1) 

c solid–liquid  1-phenyloctane (0.5 mM) 1.48 (0.05) 1.28 (0.1) ~70 

c  solid–liquid  1-phenyloctane (0.05 mM) 1.66 (0.1) 1.73 (0.1) ~70 

d solid–air  immersion (C6H6, 0.05 mM) 1.55 (0.03) 1.47 (0.06) 70 (5) 

d solid–air  immersion (CHCl3, 0.05 mM) 1.60 (0.03) 1.50 (0.08) 67 (5) 

this work solid–liquid  1-phenyloctane (0.5 mM) 1.39 (0.02) 1.35 (0.03) 64 (2) 

a Pseudo-hexagonal structures only. b ref. 37. c ref. 34. d ref. 36. 

Although the nature of the axial ligand of Ga(OEP)X complexes does not affect the lattice 

parameters of their monolayers on HOPG, it does influence the stability of these monolayers. For 

Ga(OEP)(O3SCF3) and Ga(OEP)(CCPh), repeated scanning of a fixed region of monolayer under 

STM conditions typical of this study (V = –400 to –600 mV, I = 8–12 pA) results in progressive 

removal of the complex from the surface (see Figure 2.8 for an example). In contrast, 

monolayers of Ga(OEP)Cl, Ga(OEP)Br, and Ga(OEP)I do not exhibit damage as a result of 

repetitive scanning under similar conditions. The monolayers of these complexes also exhibit 

different behavior when the sign of the STM bias voltage is toggled. Switching the potential 

from –500 mV to +500 mV and back to –500 mV does not affect monolayers of Ga(OEP)Cl, 

Ga(OEP)Br, and Ga(OEP)I. For Ga(OEP)(O3SCF3), however, toggling to the positive potential 

results in widespread removal of the complex from the HOPG surface (Figure 2.9); switching 

back to –500 mV allows the monolayer to reform. The lower stability of the monolayers of 

Ga(OEP)(O3SCF3) and Ga(OEP)(CCPh) as compared to those of the halide derivatives is not 

straightforwardly related to the magnitude of the domed distortion, because these two complexes 

represent the lower and upper limits, respectively, of Ga atom displacement from the porphyrin 
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plane (Table 6.3). These two axial ligands also represent the limits of electron donating (CCPh) 

and withdrawing (O3SCF3) ability within the series (calculated fractional charges on Ga: X = 

O3SCF3: + 0.23; X = Cl, Br, I: 0.19–0.21; X = CCPh, 0.04), suggesting that the relationship of 

stability to electronic factors of the complex is also not straightforward. Thus, we speculate that 

the lower stability of the monolayers of Ga(OEP)(O3SCF3) and Ga(OEP)(CCPh) may be 

associated with interactions between the multi-atom axial ligands and the STM tip. 

   

   

Figure 2.8. Sequential STM images of Ga(OEP)(O3SCF3) on HOPG at the solid–liquid interface 

(1-phenyloctane, 0.25 mM) showing the appearance of exposed HOPG upon repeated scanning 

(I = 8 pA, V = –400 mV). 

 

 

A B 

C D 
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Figure 2.9. Sequence of STM images of Ga(OEP)(O3SCF3) on HOPG at the solid–liquid 

interface (1-phenyloctane, 0.25 mM) showing monolayer removal and reformation as a result of 

toggling between negative and positive bias voltages, acquired in the order A, B, C, D. Images A, 

C, and D were acquired at I = 8 pA, V = –500 mV; image B was acquired following 3 scans at I 

= 8 pA, V = +500 mV.  

A second striking influence of the axial ligand on the properties of Ga(OEP)X on HOPG is that 

Ga(OEP)I reproducibly forms domains in which a bilayer structure is present, under conditions 

identical to those for which the other Ga(OEP)X compounds exclusively form monolayer 

structures (i.e., 0.25 mM and 0.5 mM, and standard STM scanning parameters). Representative 

images are shown in Figure 2.10, in which a second layer appears as islands with widths of 10–

50 nm on a continuous bottom layer. The patterns in adjacent islands are not aligned with each 

other and exhibit a clear interface where they meet (Figures 2.10d and 2.10e). In contrast to the 

bottom layer, which exhibits the typical Ga(OEP)X pseudo-hexagonal packing (Figure 2.6a), the 

second layer (Figure 2.10b) is arranged in a square lattice (a = 1.39 (2) nm, b = 1.39 (4) nm, Γ = 

88 (2)°) with a lower packing density (Table 2.2). Identical lattice parameters are observed 

within multiple islands, indicating that these structures are characteristic of the second layer. The 

A B 

C D 
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cross-sectional profiles of the second layer resemble in appearance and amplitude those of the 

dot features seen for Ga(OEP)Cl and Ga(OEP)Br (Figures 2.5a and 2.5c), from which we 

conclude that the two layers are oriented in a head-to-tail manner with the axial iodo ligand of 

the top layer extended upward.  
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Figure 2.10. STM images of bilayer structures of Ga(OEP)I on HOPG (1-phenyloctane, 0.5 

mM): (A) large-scale image showing several islands of a second layer (I = 10 pA, V = –500 mV); 

(B) close-up of an array of the second layer, which exhibits square packing (I = 15 pA, V = –100 

mV); (C) a region showing the transition from bottom to second layer, with cross-sectional 

profile showing the step between the first and second layers (I = 10 pA, V = –500 mV); (D) 

interface of bilayer islands (I = 12 pA, V = –600 mV); (E) close-up of interface (I = 20 pA, V = –

600 mV).   

The observation that the structures of the two layers in the Ga(OEP)I bilayer are different from 

each other contrasts with the only other reported bilayer for M(OEP) complexes on HOPG at the 

solid–liquid interface, in which it was found that deposition of mixtures containing any two of 
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Cu(OEP), Zn(OEP), and H2OEP in 1,2-dichlorobenzene produce bilayers in which both layers 

exhibit pseudo-hexagonal packing.43 It also contrasts with the structure found for 5-coordinate 

V(O)(tetraphenoxyphthalocyanine), which forms a bilayer on HOPG at the n-alkylbenzene 

interface (alkyl = heptyl, octyl, decyl) in which the ordered second layer is indexed to the 

underlying layer, but with a packing density that is one-half that of the on-surface unit cell.60 It 

was proposed that the molecules in the two layers are arranged head-to-head, with the structural 

indexing of the layers resulting from interlayer VO…H(phenoxy) interactions. The observations 

for Ga(OEP)I that the two layers have different structures and that patterns within adjacent 

islands of the top layer are not aligned with respect to each other suggests that the structure 

within the top layer is not principally determined by strong intermolecular interactions between 

the iodo ligands of the on-surface Ga(OEP)I molecules and specific nuclei of the Ga(OEP)I 

molecules in the upper layer. Although square-packed lattices of the type observed in the 

Ga(OEP)I top layer have not been observed for M(OEP) monolayers on HOPG at the interface 

with 1-phenyloctane, pseudo-square lattices are reported for H2OEP and Cu(OEP) at the 

interface with 1,2-dichlorobenzene43, 44 and for Ni(OEP) at the solid–air interface,35 indicating 

that this is a favorable packing arrangement for OEP complexes. 

Given these considerations, and the fact that the bilayer structure is observed exclusively for 

Ga(OEP)I even though all Ga(OEP)X complexes possess very similar molecular structures and 

packing arrangements, we hypothesize that formation of the bilayer structure is a consequence of 

the greater axial extension and polarizability of the iodo ligand relative to those of the chloro and 

bromo ligands. In studies of Ni(OEP) monolayers deposited on Au(111) under ultra-high-

vacuum conditions, it has been observed that the OEP ethyl groups are oriented such that the 

methylene hydrogen atoms are directed toward the HOPG surface and the terminal methyl 
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groups are directed away from the surface.36, 57 This orientation is thought to be also adopted by 

M(OEP) compounds on HOPG at the solid–liquid interface.12 It has also been proposed for 

Zn(OEP) on HOPG that the ethyl groups adopt a D2d-symmetric arrangement with half of the 

methyl groups directed at the surface, based on imaging at the solid-1,2-dichlorobenzene 

interface.45 However, the packing density of these structures is much higher than that found for 

the Ga(OEP)X, which leads us to conclude that this structure is not relevant for the present 

systems. 

The axial ligands of the Ga(OEP)X monolayers extend above the van der Waals surface 

defined by these upturned methyl groups; this is evident in space-filling models of Ga(OEP)Cl, 

Ga(OEP)Br, and Ga(OEP)I (Figure 2.11). Based on structural data from the calculated gas-phase 

structures, the apex of the van der Waals surface of the iodo ligand lies 1.74 Å above the surface 

defined by the methyl groups, whereas for Ga(OEP)Cl and Ga(OEP)Br these differences are 1.16 

Å and 1.46 Å, respectively. The absence of bilayer formation for the chloro and bromo 

compounds, and for Ga(OEP)(O3SCF3) and Ga(OEP)(CCPh), indicates that the protrusion of the 

axial ligand above the methyl surface of the bottom layer is not a sufficient condition to induce 

adsorption of a second layer. Instead, it suggests that the comparatively large polarizability of the 

iodo ligand may play a role in providing a surface that is conducive to bilayer formation.  

 

     

   Ga(OEP)Cl        Ga(OEP)Br                  Ga(OEP)I 

Figure 2.11. Space-filling models (van der Waals) of Ga(OEP)X compounds with methyl groups 

oriented toward the axial ligand, as expected when adsorbed to HOPG. 
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2.4. Conclusions 

Five-coordinate Ga(OEP)X compounds form ordered monolayers on HOPG, hundreds of nanometers 

in width, at the solid–liquid interface with their 1-phenyloctane solutions. The axial ligand has 

considerable influence on the magnitude of the dome-shaped structural distortion of free Ga(OEP)X 

compounds, producing out-of-plane displacements of the Ga atom ranging from 0.35–0.54 Å. However, it 

does not affect the two-dimensional structures of their monolayers: all compounds exhibit pseudo-

hexagonal packing with lattice parameters that are statistically indistinguishable from each other, and are 

very similar to that of the four-coordinate NiOEP, at both concentrations studied. The reproducibility of 

this structure across a diverse set of axial ligands is of importance with regard to rationally designing 

supported multilayer materials based on 5-coordinate Ga(OEP)X platforms. Noteworthy in this latter 

regard is the monolayer formed by Ga(OEP)(CCPh), for which the height of the perpendicular ligand 

above the HOPG surface (~0.9 nm) approaches the dimensions of the monolayer unit cell (~1.35 nm). 

Varying the axial ligand does change other properties of the Ga(OEP)X assemblies, however. First, it is 

found that the monolayers of Ga(OEP)(O3SCF3) and Ga(OEP)(CCPh) are susceptible to damage during 

the STM experiment through repetitive scanning and toggling of the sign of the bias potential, whereas 

those of the halide complexes are not. The lower stability of the monolayers of Ga(OEP)(O3SCF3) and 

Ga(OEP)(CCPh) is neither a simple function of the magnitude of the domed distortion or the electron 

donating/withdrawing ability of the axial ligands, for which these compounds define the lower and upper 

limits. In addition, Ga(OEP)I is unique among these compounds in that it forms bilayer structures, with 

the second layer exhibiting a square lattice of lower density than the bottom layer. Because the axial 

ligands of all Ga(OEP)X compounds protrude above the molecular surface defined by the upward-turned 

methyl groups of the OEP ligand, it is plausible to conclude that the comparatively large polarizability of 

the iodo ligand is important in producing a stable bilayer structure. Understanding these ligand effects 

will be important for future investigations as more complex and functional ligands are supported by these 

versatile five-coordinate platforms. 
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CHAPTER 3 

Progress Towards Functionalization of HOPG Surfaces with Gallium–Porphyrin 

Monolayers Presenting Photo- and Electroactive Ligands 

3.1. Introduction 

The central hypothesis of the research described in this thesis is that the axial ligands of 

ordered 5-coordinate metalloporphyrin monolayers can provide structural supports or corrals for 

organizing functional subunits. Initial investigations into the deposition of five-coordinate 

metalloporphyrins under ambient conditions on HOPG described in Chapter 2 show that 

gallium(III) octaethylporphyrin is a suitable platform for incorporating axial ligands, 

perpendicular to the surface, into self-assembled arrays. While the multi-atom ligands CCPh and 

O3SCF3 resulted in arrays that were slightly less stable than their halide counterparts, large 

monolayers on the order of hundreds of nanometers in width were observed with only small 

amounts of monolayer removal at higher current setpoints. Further, the extremely consistent 

pseudo-hexagonal unit cell observed across all Ga(OEP)X complexes studied, despite minor 

calculated differences in porphyrin core structure, indicates that predictive methods such as 

molecular modeling can be employed prior to deposition and STM imaging. This will allow us to 

forecast how larger axial ligands may interact with each other when assembled in an OEP unit 

cell on the surface. 

In this chapter, we focus on larger axial ligands that are expected to have functional 

responses. Such larger ligands might take the form of photo- or electro-active components that 

would move our arrays one step closer to rationally designed functional assemblies with 

nanometer precision control over the positioning of the components. While we have thus far 

focused on porphyrins as structural units that possess the ability to self-assemble flat onto a 
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graphite substrate, we might also take advantage of their unique light harvesting and energy 

transfer properties as potential candidates for incorporating functionality.1-4 Because both the 

surface and other porphyrins can quench these effects, an ideal spatial arrangement would 

decouple the porphyrins from the substrate and space them apart from each other.5 Previous 

attempts at incorporating porphyrins into surface assemblies have generally relied on the 

alkanethiol-gold interactions to anchor units and extend porphyrins above a Au(111) surface.6-8 

Another method has included the anchoring of ethynylporphyrins in the triaza triangulated 

triphenylmethane monolayer motif.5  Our approach would offer a good complement to these due 

to the modular nature of our design approach; the periphery of the porphyrin can be tuned to 

adjust the unit cell if needed, the linker ligand can be adjusted to tune the height above the 

surface as needed, and our synthetic methods can be adapted to incorporate multiple 

chromophores of interest. 

Likewise, ferrocene is a promising target for axial ligation due to its one-electron reversible 

oxidation and therefore, potential capacity to act as an on-surface redox switch. The unique on-

surface properties of assemblies incorporating ferrocenes have been studied for possible 

applications in spintronics, electrochemical switches, charge storage, and communication 

devices.9-11 As with porphyrins, the alkane-thiol on Au(111) motif has been employed to 

incorporate ferrocenes extending above the surface with controlled spacing.12-14 Further, they 

have been incorporated on the periphery of porphyrins and imaged under ultra-high vacuum 

conditions.15 Our approach would seek a new, generalized method of attaching redox centers that 

would allow for imaging under ambient conditions. 

In Chapter 2, we introduced the compound Ga(OEP)(CCPh) with the ultimate aim of 

attaching functional axial substituents through the acetylide linker due to its structural rigidity. 
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Ethynyl ligands are employed in some of the compounds described in this chapter. However, as 

larger and more complex axial ligands are incorporated into the arrays, we also sought an 

alternate linkage motif to potentially eliminate the lithiating agents and air-free synthetic 

techniques required by ethynyl ligands. Carboxylate linkers were thought to make a good 

complement to acetylides because they might be synthesized by reacting the carboxylic acid 

derivative of the ligand of interest with Ga(por)(OH). Drawing from prior studies on aluminum 

porphyrins with carboxylate and aryloxide ligands as inspiration,16-20 prior work in our lab 

demonstrated that gallium (III) meso-tetradecylporphyin Ga(TC10P)(OH) reacts with HO2CR to 

provide Ga(TC10P)(O2CR) (R= C6H5, ferrocene) complexes rapidly at room temperature in 

toluene.21 Thus, this method was pursued in the research described in this chapter to synthesize a 

direct analogue to an acetylide-functionalized Ga(OEP)X complex to compare their predicted 

structure and on-surface behavior. 

The facile synthesis of the carboxylate complexes is also of interest in the context of on-

surface synthesis of functionalized arrays. In the practical fabrication of nanodevices, the ease 

and generality of attaching modules to the surface is of great importance. The general on-surface 

functionalization of a pre-deposited Ga(por)(OH) monolayer with a carboxylic acid of interest at 

room temperature would eliminate much of the front-end synthetic work, and allow for various 

porphyrins and carboxylic acids to be easily investigated. Ferrocene provides a good test subject 

for initial investigation due to its expected bright STM contrast compared to redox-inactive axial 

ligands,21, 22 indicating a successful on-surface reaction. 

We report here the synthesis and surface chemistry of several Ga(OEP)X compounds 

designed to test these points (Figure 3.1). In order to progress towards the bottom-up 

functionalization of surfaces, these include two ferrocene derivatives of Ga(OEP)X, one with an 
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acetylide linker (Ga(OEP)(CCFc)) and one with a carboxylate linker (Ga(OEP)(O2CFc)), and a 

Ga(OEP) dyad containing zinc tetraphenylporphyrin attached via an acetylide linker 

(Ga(OEP)(CCZnTPP)). It has been found that all compounds self-assemble on HOPG at the 

solid-liquid interface into highly ordered monolayers with pseudo-hexagonal unit cell with 

dimensions consistent with the Ga(OEP)X series reported in Chapter 2. Ga(OEP)(CCZnTPP) 

molecular models suggest that the axial porphyrin ligands will not be able to freely rotate in the 

OEP unit cell, resulting in large-scale on-surface ordering of chromophores. Preliminary STM 

results suggest that this is indeed the case. Further, the Ga(OEP)(O2CFc) complex was 

investigated for both direct deposition and for possible use for post-deposition modification of a 

pre-deposited Ga(OEP)(OH) monolayer. While apparent height profiles suggest that 

Ga(OEP)(O2CFc) is present after a HO2CFc solution is added, at this time we cannot 

conclusively say if this is due to modification of the pre-formed monolayer or deposition of 

compound formed in solution. 

Figure 3.1. Ga(OEP)X complexes investigated in this chapter. 

 

Ga(OEP)(CCFc) Ga(OEP)(CCZnTPP) Ga(OEP)(OH) Ga(OEP)(O2CFc) 
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3.2. Experimental 

Detailed information regarding the synthesis and characterization of compounds can be 

found in Section 6.2.5. In brief, the synthesis of Ga(OEP)(CCFc) followed the same general 

procedure as that for Ga(OEP)(CCPh), via reaction of lithium ethynylferrocene with Ga(OEP)Cl. 

Ga(OEP)(OH) was prepared by vigorously mixing an emulsion of Ga(OEP)Cl in 

dichloromethane and concentrated aqueous sodium hydroxide. This was further reacted with 

ferrocenecarboxylic acid in THF at room temperature to give Ga(OEP)(O2CFc). At the time of 

this document, it has not yet been possible to develop purification procedures that remove the 

small amounts of impurities present in both. The synthesis of Ga(OEP)(CCZnTPP) was 

performed by adding Ga(OEP)Cl to an in situ prepared mixture of HCCZnTPP and LiHMDS. 

All compounds were geometry-optimized by density functional theory in the gas phase both 

in the global and in local energy minima with all eight ethyl chains pointing up, the latter being 

the predicted on-surface geometry. Molecular models of their predicted assembly into a pseudo-

hexagonal unit cell were constructed.  All compounds were further studied by scanning tunneling 

microscopy (STM) at the solid-liquid interface and analyzed as described in Sections 6.2.3 and 

6.2.4. The post-deposition modification of a Ga(OEP)(OH) monolayer was additionally studied 

by depositing a 1-phenyloctane solution of ferrocenecarboxylic acid to the pre-formed 

monolayer and observing any resulting changes by STM. 

3.3. Results and Discussion 

3.3.1. Synthesis of Functionalized Ga(OEP)X Compounds. The general methods for 

synthesis of these compounds are outlined in Scheme 3.1. The synthesis of Ga(OEP)(CCFc) was 

modeled on that for Ga(OEP)(CCPh), and begin by first lithiating the HCCFc ligand precursor 

with excess nBuLi to provide LiCCFc, following a literature procedure.23 An excess of LiCCFc 
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(3.25 equiv.) was then reacted with Ga(OEP)Cl in THF at −78 °C and slowly warmed to room 

temperature where it was stirred for several more hours. A reaction attempt carried out only at 

room temperature resulted in a product that was a mixture of at least four porphyrinic 

compounds, while shorter reaction times and 1.1 equivalents of LiCCFc resulted in incomplete 

conversion of the Ga(OEP)Cl to the target compound. Reactions of lithium acetylides with 

Ga(OEP)Cl at low temperature instead of at room temperature became the standard procedure 

following this result. Although LiCCFc was prepared using excess nBuLi, HCCFc was observed 

in the crude product. This was removed with pentane washes as HCCFc is soluble while the 

porphyrin is only sparingly soluble. Ga(OEP)(CCFc) was characterized by 1H-NMR and 13C-

NMR spectroscopy, LDI-MS, and UV-vis spectroscopy.  Significant upfield shifts of the 

ferrocene resonances are observed in the 1H NMR spectrum of the compound (4.01 → 3.01 δ for 

the ferrocene singlet resonance and 4.35/3.83 → 2.82/2.50 δ for the ferrocene triplet resonances 

in C6D6), indicating successful ligation. The electronic absorption spectrum (Figure 6.15) is very 

similar to those observed for Ga(OEP)X complexes in Chapter 2; the ethynylferrocene ligand 

MLCT band expected near 442 nm (as measured for free ethynylferrocene in toluene) is likely 

obscured by the onset of the Soret band. 

The synthesis of Ga(OEP)(CCZnTPP) was accomplished by the reaction between 

Ga(OEP)Cl and LiCCZnTPP. To prepare LiCCZnTPP from the HCCZnTPP starting material, a 

milder lithiating agent than nBuLi was sought out because nBuLi has been shown to alkylate the 

β position of meso-substituted porphyrins,24, 25 a phenomenon we hoped to avoid. Therefore, test 

reactions were performed in which HCCZnTPP and lithium bis(trimethylsilyl)amide (LiHMDS) 

were reacted in a THF solution at -78 °C, as generally described for a related meso-

phenylethynyl substituted zinc porphyrin,26 and the solution was slowly warmed to room 
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temperature. The solution was then quenched with MeI as a method to monitor the extent of 

lithiation by 1H NMR. After 2 hours, the ligand was approximately 80% lithiated, and attempts 

to optimize these conditions with longer reaction times never resulted in complete lithiation. The 

dyad was therefore generated in situ by first reacting 0.9 equivalents of LiHMDS with 

HCCZnTPP in THF for four hours starting at –78 °C and warming to room temperature. 

Addition of a THF solution of Ga(OEP)Cl resulted in a mixture of materials including the target 

product Ga(OEP)(CCZnTPP) (as confirmed by upfield resonances of the CCC6H4 moiety in the 

1H NMR spectrum), Ga(OEP)Cl, HCCZnTPP, and unknown porphyrinic impurities. While 

multiple pentane washes were effective at reducing the amounts of some of the impurities, the 

small amount of product prevented further manipulation, and at the time of publication of this 

document, significant Ga(OEP)Cl and HCCZnTPP impurities remain. 

Ga(OEP)OH was synthesized by the literature method of reacting Ga(OEP)Cl with 2M 

NaOH in a water/dichloromethane suspension.27 A notable indication of successful formation of 

the target porphyrin is a singlet at –6.82 ppm from the -OH resonance. Multiple attempts of this 

synthesis resulted in minor porphyrinic impurities (<2%); one of these had a similar chemical 

shift to unreacted Ga(OEP)Cl starting material, but did not lessen upon further reaction times 

with base in dichloromethane or toluene. Other possibilities for impurities include the 

Ga(OEP)(OH)(H2O) complex, which is reported to be the product of passing Ga(OEP)Cl 

through a basic alumina column,28 and the {[Ga(OEP)]2OH}X (X = ClO4) dimer, which is 

formed by slowly reacting Ga(OEP)(OH) with 15 mM HClO4.
27 As the observed impurities are 

likely a result of the harsh reaction conditions (vigorous stirring with 2M NaOH), an alternate 

route may be explored in the future. This could include following an analogous synthesis for 
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Sn(OEP)(OH)2 in which sodium acetate in a THF/water mixture is employed,29 or a procedure 

for synthesizing Ga(OEP)(OH) performed in methanol with an acidic workup.30 

The Ga(OEP)(O2CFc) complex was prepared following methods previously used in our lab 

for analogous tetraalkylporphryin compounds.21 Ga(OEP)(OH) was dissolved in THF and a 

slight excess of ferrocene carboxylic acid (HCO2Fc) was added. The reaction is very facile and 

proceeds rapidly at room temperature. The same porphyrinic impurity that remained in the 

Ga(OEP)(OH) starting material, noted above, was found in the Ga(OEP)(O2CFc) crude product, 

together with unreacted HCO2Fc. As of this writing, attempts to remove these by washing and 

recrystallizations have been unsuccessful, due to the commensurate solubilities of both the 

porphyrins (product and impurity) and HCO2Fc in a variety of organic solvents. Attempts to 

wash the crude product with a mild potassium carbonate solution resulted in a mixture of several 

porphyrins, including Ga(OEP)(OH). Future attempts at synthesizing this material might be 

made by reacting Ga(OEP)Cl with a deficit of HCO2Fc ligand and attempting to separate the 

starting and final porphyrins. 
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Scheme 3.1. General reaction conditions for the synthesis of (A) Ga(OEP)(CCFc), (B) 

Ga(OEP)(CCZnTPP), (C) Ga(OEP)(OH), and (D) Ga(OEP)(O2CFc). The ethynyl precursor for 

(B) was prepared by a literature method. 
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3.3.2. Density Functional Theory Calculations. DFT calculations were conducted on all 

compounds to determine their optimized gas-phase structures (Figure 3.2). From selected 

porphyrin core bond lengths and angles (Table 3.1), we observe that the porphyrins with 

acetylide linkers (Ga(OEP)(CCFc) and Ga(OEP)(CCZnTPP)) are structurally very similar to the 

Ga(OEP)(CCPh) studied in Chapter 2, indicating that both electronically and sterically 

demanding ligands have small effects on the porphyrin core structure. Porphyrins with alternate 

linkers (Ga(OEP)(OH) and Ga(OEP)(O2CFc)) exhibit a less domed and less symmetric structure, 

which is to be expected given the nature of the gallium-oxygen linkage. For example, the 

calculated doming for Ga(OEP)(O2CFc) has a Ga–N4 plane distance of 0.450 Å and an N4–C20 

plane distance of 0.035 Å, compared to 0.544 Å and 0.044 Å for the Ga(OEP)(CCFc) analog. 

Differences in the N−Ga−X angle are also notable (95.8−107.1° for Ga(OEP)(O2CFc) and 

103.9−104.1° for Ga(OEP)(CCFc)). In Chapter 2, we concluded that the extent of doming of this 

class of compounds had no effect on surface assembly, and size and nature of the axial ligand 

played a larger role in any deviations we observed; we expect this trend to continue here. 
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Figure 3.2. Gas-phase optimized structures of Ga(OEP)X complexes. Atoms are color coded: 

Ga, orange; N, blue; C, black; H, white; Fe, purple; Zn, grey; O, red. 

 

 

 

Ga(OEP)(CCFc) Ga(OEP)(CCZnTPP) 

Ga(OEP)(OH) Ga(OEP)(O2CFc) 
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Table 3.1. Selected Bond Distances (Å) and Angles (°) for Ga(OEP)X Complexes Calculated by 

Density Functional Theory. 

 
X 

Nuclei CCPh CCFc CCZnTPP OH CO2Fc 

Ga–X 1.956 1.953 1.959 1.822 1.887 

Ga–N(1) 2.068 2.071 2.074 2.069 2.054 

Ga–N(2) 2.068 2.069 2.073 2.052 2.038 

Ga–N(3) 2.068 2.070 2.074 2.069 2.04 

Ga–N(4) 2.068 2.070 2.075 2.071 2.057 

N(1)–Ga–X 103.9 104.1 104.1 104.0 97.1 

N(2)–Ga–X 103.9 103.9 104.5 100.0 107.3 

N(3)–Ga–X 103.9 103.9 103.9 103.9 105.8 

N(4)–Ga–X 103.8 104.0 103.5 105.6 96.5 

Ga–C20N4 plane 0.536 0.536 0.556 0.519 0.445 

Ga–N4 plane 0.495 0.544 0.566 0.528 0.450 

Ga–C20 plane 0.544 0.500 0.502 0.478 0.416 

N4–C20 plane 0.048 0.044 0.065 0.050 0.035 

 

To predict how these compounds might behave when assembled as monolayers on HOPG, 

structures were optimized in local minima with all eight ethyl chains rotated up as is the expected 

orientation when on the surface.31-33 These calculations were performed with the basis sets 6-

31G* for carbon, hydrogen, nitrogen, and oxygen atoms, and the LANL2DZ effective core 

potential basis set34, 35 for gallium, zinc, and iron. These are less precise, but less computationally 

demanding basis sets than the cc-pVTZ basis set36-38 employed for most optimized structures, 

and were found to be suitable for on-surface modeling. Space-filling models of these structure 

were then used to construct molecular models; the molecules were placed in a unit cell typical of 

an M(OEP) lattice, as exemplified by the compounds in Chapter 2 (example in Figure 3.3).  
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Figure 3.3. On-surface space-filling molecular model of Ga(OEP)Cl in the pseudo-hexagonal 

unit cell representative of the Ga(OEP)X compounds studied in Chapter 2.  

These models allowed us to see if sterically bulkier axial ligands are predicted to have free 

rotation on the surface when organized into a close-packed pseudo-hexagonal lattice. From 

inspection of these models, the axial ligands of both Ga(OEP)(CCFc) and Ga(OEP)(O2CFc) are 

predicted to have free rotation (Figure 3.4a and b), but Ga(OEP)(CCZnTPP) ligands are 

predicted to not freely rotate (Figure 3.4c). This agrees with the gas-phase optimized structure 

that give a para-H to para-H distance of 1.77 nm on the axial ligand, which is greater than the 

expected unit cell lattice distance of 1.36 nm. This indicates that the axial CCZnTPP ligand has 

the potential to present widespread on-surface coplanar alignment (Figure 3.4c). Another 

possibility is that the steric bulk of the axial ligand could influence the standard underlying 

pseudohexagonal unit cell to accommodate the ligand. Sterically demanding alkanethiol head 

groups have been used to alter the packing of SAMs on gold,39 and substituents are used on the 

periphery of porphyrins to affect their 2D unit cells,40, 41 but the use of large, structure-directing 

axial ligands would offer a different approach. If this disruption of the lattice occurred, it would 

also provide the first example of a M(OEP) monolayer that does not exhibit the standard pseudo-

hexagonal unit cell in our hands. 

1.36 nm 

1.36 nm 66° 
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Figure 3.4. On-surface space-filling molecular models of Ga(OEP)X complexes in expected 

pseudo-hexagonal M(OEP) unit cell, side-on and top-down views. (A) Ga(OEP)(CCFc) axial 

ligands are expected to have free rotation; (B) Ga(OEP)(O2CFc) axial ligands are expected to 

have free rotation; (C) Ga(OEP)(CCZnTPP) axial ligands are expected to align. 
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3.3.3 Scanning Tunneling Microscopy.  

3.3.3.1. Ga(OEP)(CCFc). When deposited from a 0.5 mM 1-phenyloctane solution, 

Ga(OEP)(CCFc) is observed to form self-assembled monolayers on HOPG (Figure 3.5). The 

monolayers are not as extensive as those observed for Ga(OEP)X compounds discussed in 

Chapter 2, with widths generally spanning approximately 75 nm (Figure 3.5a and b) compared to 

>100 nm widths observed in Chapter 2. This may indicate monolayer formation is slower than 

that observed for other Ga(OEP)X compounds due to added steric bulk of the ligand, or that 

some removal of monolayer may be occurring during the STM experiment; a more systematic 

time-dependent study of monolayer coverage would shed light on this issue. The lattice 

parameters are typical of those observed for Ga(OEP)X complexes described in Chapter 2 (a = 

1.39 (0.04) nm, b = 1.37 (0.04) nm, Γ= 65 (2)°), indicating the larger axial CCFc ligand has no 

impact on the porphyrin packing. 

An important difference between the STM images for Ga(OEP)(CCFc) and those of the 

Ga(OEP)X compounds discussed in Chapter 2 is their greater apparent height, averaging ~3.5 Å 

(Figure 3.5c) compared to ~1.2 Å observed for the Ga(OEP)(CCPh) complex. Like those of 

other Ga(OEP)X compounds, this height is still noticeably less than the calculated height of the 

ligand, which is ~8 Å. Electroactive molecules have been observed to give bright features when 

imaged by STM under bias voltages that allow tunneling through the HOMO-LUMO gap.22 It 

has been noted that this bias-dependent effect is not observed in less electroactive molecules, as 

in a STM study comparing tethered Fe(TPP)Cl to its Zn and free base derivatives,22 meaning the 

physical height is less important than the conductivity of the ligand and bias voltage applied 

when observing apparent height. Ordered arrays of ferrocenes are attractive targets for their 
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possible applications in molecular switching and charge storage devices.10, 11 Our results indicate 

that such ligands could additionally act as “STM contrast agents” in mixed component systems.   

    

   

Figure 3.5. STM images showing long-range (A and B) and short-range ordering (C) of 

Ga(OEP)(CCFc) on HOPG at the solid–liquid interface (0.5 mM, 1-phenyloctane). The cross-

sectional profile is taken along the white line shown in the STM image (C). The images were 

acquired at (A): I = 10 pA, V = –500 mV; (B): I = 10 pA, V = –500 mV; (C): I = 8 pA, V = –600 

mV. 

3.3.3.2. Ga(OEP)(CCZnTPP). While the ferrocene ligand of Ga(OEP)(CCFc) does not 

affect the lattice parameters of the self-assembled monolayer, molecular models based on the 

DFT optimized structure predicted that the axial ligand would retain free rotation in the pseudo-

hexagonal unit cell typical of OEP compounds studied thus far. However, this is not the case for 

the larger zinc ethynyltetraphenylporphyrin ligand (-CCZnTPP), where a restriction of free 

rotation is predicted. As discussed in Section 3.3.2, it is predicted that when deposited onto an 
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HOPG surface, the axial ligands must either align parallel to one another, or the unit cell must be 

affected to accommodate this larger ligand and allow free rotation.  

As discussed in Section 3.3.1, the sample of Ga(OEP)(CCZnTPP) used for STM studies 

contained a significant HCCZnTPP impurity and a small Ga(OEP)Cl impurity. Compounds of 

tetraphenylporphyrin are not known to form monolayers on metal or HOPG surfaces under 

ambient conditions due to the ~60° angle that the  meso-phenyl rings form with respect to the 

plane of the porphyrin; ultra-high vacuum42 or electrochemical STM43 conditions are therefore 

required to study their surface assembly. Monolayer formation from TPP-based molecules 

requires edge-functionalization (e.g., carboxylic acid phenyl substituents and long-chain phenyl 

substituents). Even this approach is not always straightforward; in studies of alkoxyphenyl 

substituted porphyrins with long alkyl (or derivatized alkyl) chains to assist in surface assembly, 

a mixture of edge-on and face-on porphyrin assemblies can be observed under ambient 

conditions.44-46 However, to rule out the possibility of HCCZnTPP assembly contributing to any 

observed surface structures, surface deposition control studies were performed on this compound. 

At concentrations and imaging conditions typical of those used in this study, no arrays were 

observed when HCCZnTPP was deposited on HOPG from a 1-phenyloctane solution.  

In preliminary studies, the Ga(OEP)(CCZnTPP) compound was observed to assemble into 

monolayers on HOPG when deposited from a 1-phenyloctane solution (~0.5 mM). (The 

concentration of Ga(OEP)(CCZnTPP) accounts for the impurities.) A large-scale image (Figure 

3.6a) indicates long-range assembly of the monolayer, though bright streaks (not typically 

observed for other compounds) appear across the image. We speculate that this may be due to 

the excess of HCCZnTPP in solution; STM tips have been known to interact with molecules in 

solution, reducing their effective sharpness.47 In small-scale images, both ring-shaped features 
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associated with the OEP macrocycle (Figure 3.6b) and more defined axial features (Figure 3.6c) 

can be observed by changing the imaging bias, as is observed with compounds in Chapter 2. 

From these, we observe that the lattice parameters are consistent with a typical pseudo-hexagonal 

OEP unit cell: a = 1.37 (0.02) nm, b = 1.37 (0.03) nm, Γ = 67 (2)°. This indicates that the large 

CCZnTPP axial ligand does not affect the self-assembly of the Ga(OEP) base into a close-packed 

pseudo-hexagonal structure.  

Features observed at –800 mV (Figure 3.5c) show the possibility of elongated axial ligand 

features, specifically, prolate spheroids (indicated by white arrows in the figure) whose long axes 

are aligned with each other. While further work to repeat these studies on a purified sample is 

necessary, we tentatively suggest that these elongated features are associated with the planes of 

the axially ligated ZnTPP molecules, and that their alignment is due to hindered rotation of the 

ligand. The apparent height of these features is 2–2.5 Å, well below the calculated height of the 

ligand (~21 Å), and below that of the ethynylferrocene ligand discussed above. However, a 

previous report of STM of Zn(TPP) tethered to a gold surface showed that the observed STM 

contrast was not as bright as its conductive Fe(TPP)Cl and Mn(TPP)Br analogs.22 
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Figure 3.6. STM images of a Ga(OEP)(CCZnTPP) monolayer self-assembled on HOPG at the 

solid–liquid interface (~0.5 mM Ga(OEP)(CCZnTPP)). (A) Shows long-range ordering of 

porphyrins (I = 8 pA, V = –500 mV); (B) Shows tunneling through porphyrin ring periphery (I = 

8 pA, V = –500 mV); (C) Shows tunneling through axial ligand upon changing bias potential 

with arrows pointing to examples of possibly elongated features. The cross-sectional profile 

corresponds to the line in image C (I = 8 pA, V = –800 mV). 

3.3.3.3. Ga(OEP)(OH). The compound Ga(OEP)(OH) was observed to form self-assembled 

monolayers on HOPG when deposited from a 0.5 M solution in 1-phenyloctane. Monolayer 

widths spanning greater than 100 nm (Figure 3.7a) were observed to form within 5-10 minutes of 

deposition. The monolayer appears robust; imaging took place from 8-20 pA with no removal of 

the monolayer observed after repeated scanning of the same area and experiment times of over 

60 minutes. Both the ring-shaped features associated with the heterocycle (Figure 3.7b) and more 

defined axial ligand features (Figure 3.7c) have been observed for this compound, in agreement 

with other Ga(OEP)X complexes. Small-scale images and cross-sectional profiles (example in 
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Figure 3.7c) show ligands with apparent heights with a maximum of ~1.5 Å and an average of 

~0.8 Å. This wider range of height variation may be due to a small Ga(OEP)Cl impurity or other 

porphyrinic impurity, or result from imaging at a bias voltage that does not allow for good 

resolution of the ligand. Purification of the compound and further STM trials with rigorous bias 

dependent scans should help clarify this observation. The lattice parameters for this compound 

were observed to be a = 1.37 (0.02) nm, b = 1.36 (0.02) nm, Γ = 65 (1)°, in accordance with 

previously reported Ga(OEP)X lattice parameters. 

   

   

Figure 3.7. STM images of a Ga(OEP)(OH) monolayer self-assembled on HOPG at the solid-

liquid interface (0.5 mM, 1-phenyloctane). (A) Shows long-range ordering of porphyrins (I = 12 

pA, V = –500 mV); (B) Shows tunneling through porphyrin ring periphery (I = 10 pA, V = –700 

mV); (C) Shows tunneling through axial ligand. The cross-sectional profile corresponds to the 

line in image C (I = 15 pA, V = –700 mV). 
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3.3.3.4. Ga(OEP)(O2CFc). The surface chemistry of Ga(OEP)(O2CFc) on HOPG was 

investigated in order to examine whether the carboxylate linkage changed the properties of the 

monolayer relative to the ethynyl linkage used for other compounds and, specifically, the 

analogue Ga(OEP)(CCFc). The monolayers were prepared in two ways: first, by direct 

deposition of the compound, and second, under conditions in which a pre-deposited 

Ga(OEP)(OH) monolayer might react with an added 1-phenyloctane solution of 

ferrocenecarboxylic acid (FcCOOH). Direct deposition of Ga(OEP)(O2CFc) from a 1-

phenyloctane solution of ~0.5 mM resulted in the formation of large arrays (Figure 3.8a and b). 

As in the case of Ga(OEP)(CCFc), these arrays are not as expansive as other Ga(OEP)X type 

compounds (Figure 3.5 a and b), spanning ~75 nm in width. Also consistent with 

Ga(OEP)(CCFc) observations are bright features assignable to tunneling through the ferrocene 

ligand. Cross-sectional profiles give an average apparent height of ~5-6 Å for these bright 

features (even taller than features observed for the Ga(OEP)(CCFc) which had apparent heights 

of ~3.5 Å), as indicated in the height profile shown below. Lattice parameters were determined 

to be a = 1.38 (0.04) nm, b = 1.36 (0.03) nm, Γ = 65 (2)°, in accordance with previously reported 

Ga(OEP)X lattice parameters.  

In contrast to the Ga(OEP)(CCFc) monolayers, dark regions are interspersed with the bright 

ferrocene features in the Ga(OEP)(O2CFc) monolayer. The observation of regions of the pseudo-

hexagonal cell that are completely filled with bright features (Figure 3.8c) eliminate the 

possibility that the axial Fc substituent encroaches into an adjacent cell, causing the incomplete 

monolayer coverage. This is in agreement with molecular models that indicate the ferrocene 

ligands will have free rotation within the OEP unit cell (Figure 3.4b). The porphyrin rings were 

able to be partially imaged (Figure 3.8e) and found to not exhibit vacancies, which suggests that 
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the dark features in the monolayer are not associated with an absence of an underlying Ga(OEP) 

unit but are more likely due to Ga(OEP)X base units that do not contain a ferrocene ligand. The 

compound was observed to be stable in a C6D6 solution, as monitored by 1H NMR for nine days, 

so mere degradation of the sample over the time frame of the experiment (several hours) is an 

unlikely source. Possibilities include small Ga(OEP)Cl or Ga(OEP)(OH) impurities that are 

highly visible in the STM images due to the difference in apparent height, or removal of the 

ferrocene ligand during the STM imaging process. Control studies of FcCOOH in 1-

phenyloctane deposited on HOPG gave no evidence of monolayer formation, so this is also an 

unlikely source of the dark spots. Given the difficulty in purification of this compound, and the 

high proportion of defects of unknown origin in this complex, acetylides were used as the 

primary linker moving forward in this study. 
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Figure 3.8. STM images of a Ga(OEP)(O2CFc) monolayer self-assembled on HOPG at the 

solid-liquid interface (~0.5 mM, 1-phenyloctane). (A) Shows that the monolayer domain extends 

in width ~75 nm (I = 8 pA, V = –500 mV); (B) Shows large-scale ordering of very bright 

ferrocene features interspersed with a large number of dark features (I = 8 pA, V = –500 mV); (C) 

Regions of close-packed ferrocene features are circled. The cross-sectional profile corresponds to 

the line in image C (I = 8 pA, V = –500 mV); (D) Small-scale image showing noticeably more 

dark features than for Ga(OEP)X compounds described in Chapter 2 (I = 8 pA, V = –500 mV); 

(E) Porphyrin ring structure seen in bottom of image (I = 8 pA, V = –400 mV). 
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To probe whether monolayers of Ga(OEP)(O2CFc) could be formed by an on-surface 

reaction, and eliminate the need for prior synthesis of the fully formed complex, a monolayer of 

Ga(OEP)(OH) was first prepared on HOPG from a 0.5 mM solution in 1-phenyloctane and 

imaged at the solid-liquid interface (see Section 3.3.3.3). Notably, the average apparent 

maximum height of the Ga(OEP)(OH) molecules is ~0.8 Å. A 0.5 mM solution of 

ferrocenecarboxylic acid in 1-phenyloctane was added in approximately equal volume to the 

solution on the surface and the STM tip was re-engaged. Within 5-10 minutes of adding the 

FcCOOH solution, multiple bright features were observed on the underlying monolayer 

background (Figure 3.9). The apparent height of these bright features is ~5.0 Å when imaged at 

the same bias potential of –500 mV (Figure 3.9b), which is consistent with the height observed 

for a monolayer of Ga(OEP)(O2CFc) prepared by direct deposition (see above). The initial 

images are characterized by very bright streaks which may be due to excess material in solution, 

as described earlier for Ga(OEP)(CCZnTPP). 
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Figure 3.9. STM images of a Ga(OEP)(OH) monolayer self-assembled on HOPG (0.5 mM, 1-

phenyloctane) at the solid-liquid interface to which a ferrocene carboxylic acid solution has been 

added (0.5 mM, 1-phenyloctane). (A) t = 5-10 minutes after deposition; shows patterned 

background with sporadic bright features. The cross-sectional profile corresponds to the line in 

the image (I = 8 pA, V = –500 mV); (B) Shows small-scale ordering with bright features and 

streaks (I = 8 pA, V = –500 mV). 

At t = ~35 minutes after the FcCOOH solution was deposited, noticeably more bright 

features were observed (Figure 3.10). However, domain edges on exposed HOPG are also 

observed where none were previously seen in monolayers of Ga(OEP)(OH). The observation 

that Ga(OEP)(OH) has been removed from the surface to expose HOPG could be a result of the 

two-fold reduction in concentration of Ga(OEP)(OH) in the covering solution or a consequence 

of an on-surface chemical reaction. The bright features appear more concentrated around the 

edges of the domains, and sequential images show that growth of the domains incorporate more 

bright features at the edges. This likely indicates that Ga(OEP)(OH) and FcCOOH react in 
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solution and then deposit at domain edges, while reactions within the monolayer itself occur 

more slowly.  

   

Figure 3.10. Sequential STM images of a Ga(OEP)(OH) monolayer self-assembled on HOPG 

(0.5 mM, 1-phenyloctane) at the solid-liquid interface following addition of FcCOOH solution 

(0.5 mM, 1-phenyloctane, t = 35–40 minutes). (A) Shows domain boundary with bright features 

concentrated at the edge of the domain (I = 8 pA, V = –500 mV); (B) Shows domain growth with 

bright features depositing at edge of domain (I = 8 pA, V = –500 mV). 

At t = ~60 minutes after FcCOOH addition coverage of bright spots is extensive, but was 

not observed to reach 100%; complete monolayer coverage of the HOPG surface was also not 

observed (Figure 3.11). Lattice parameters for the newly formed monolayer were determined to 

be a = 1.36 (0.03) nm, b = 1.36 (0.03) nm, Γ = 66 (2)°, in accordance with both the Ga(OEP)(OH) 

and Ga(OEP)(O2CFc) lattices, indicating that self-assembled structure is not affected by the on-

surface/solution reaction process. In the analogous experiment in our lab with the gallium meso-

tetradecylporphyrin analogs, it was observed that the Ga(TC10P)(OH) and Ga(TC10P)(O2CFc) 

had different lattices upon direct deposition, and that the hydroxide lattice was retained upon the 

deposition of FcCOOH, indicating that this was truly an on-surface reaction.21 Due to the highly 

reproducible OEP unit cells, we cannot draw the same conclusion by analogy. At this time, we 

cannot definitely say if this is primarily an on-surface reaction or an in-solution formation of 

target compound that is then deposited, but preliminary results favor the latter. 

A B 
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Figure 3.11. STM images of a Ga(OEP)(OH) monolayer self-assembled on HOPG at the solid 

liquid interface (0.5 mM, 1-phenyloctane) with ferrocene carboxylic acid solution added (0.5 

mM, 1-phenyloctane, t = ~60 minutes). (A) Shows greater surface coverage of bright features 

than seen in Figure 3.9 (I = 8 pA, V = –500 mV); (B) Small-scale image of higher degree of 

ferrocene incorporation (I = 12 pA, V = –700 mV). 

3.4. Conclusions.  

The research described in this chapter has shown that monolayers containing Ga(OEP)X 

compounds can serve as platforms for the placement of redox- and photoactive functional units 

incorporated as axial X ligands. Ferrocene axial ligands were successfully incorporated via an 

ethynyl linker and the resulting complex, Ga(OEP)(CCFc), self-assembles on HOPG into a 

monolayer with a typical pseudo-hexagonal OEP unit cell. Notably, the ferrocene ligands have a 

greater apparent height than previous axial ligand studied, indicating that ferrocene could be 

useful as an “STM contrast agent” in future work. Ferrocene was also incorporated by direct 

deposition of the slightly impure Ga(OEP)(O2CFc) complex in an attempt to explore additional 

ligand linkages. While monolayers with very bright ferrocene features did form, dark features of 

indeterminate origin are also present in fairly high proportion as well. Formation of 

Ga(OEP)(O2CFc) was also attempted by an on-surface reaction, although preliminary results 

indicate that the reaction is taking place in solution and not exclusively, if at all, on the surface, 

and full coverage of the desired complex was never achieved. Finally, very preliminary STM 

A B 
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results on a Ga(OEP)(CCZnTPP) complex indicate that the dyad self-assembles into monolayers 

exhibiting the typical pseudo-hexagonal OEP unit cell and may confirm molecular models that 

the axial porphyrins must align with each other due to hindered rotation. 

Overall, we have taken advantage of the propensity of Ga(OEP)X-type molecules to self-

assemble into well-formed monolayers with highly reproducible pseudo-hexagonal unit cells in 

our ultimate goal of bottom-up assemblies of ordered arrays with collective function. The 

regularity in the unit cell allows us to use predictive methods combining DFT and molecular 

modeling to predict their assembly properties prior to deposition and STM imaging. Progress has 

been made towards incorporating electroactive and photoactive units axially into our arrays, in 

the form of ferrocene and surface-decoupled porphyrins, respectively. Further, we have made 

strides to expand the scope of ligand linkers beyond acetylides and deposition methods beyond 

direct deposition of fully synthesized molecules. While synthesis and purification of more 

complex porphyrin-ligand systems on a small scale needs to be improved, preliminary results 

indicate that the OEP unit cell is not disrupted by sterically demanding ligands, and that this is a 

promising system for further investigation. 
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CHAPTER 4 

Fullerene Overlayers on Five-Coordinate Porphyrin Templates Using Axial Ligand 

Affinity Groups to Facilitate Assembly 

4.1. Introduction 

Supramolecular self-assembly on atomically flat surfaces aims to generate a wide range of 

complex structures on the nanometer scale and offers new means of tailoring the interface, 

particularly as we move towards the next generation of devices in nanotechnology. This can be 

accomplished through a combination of well-studied two-dimensional assembly techniques as 

well as those designed to build hierarchical assemblies into the third dimension. In the previous 

chapters, we have focused on determining the relationship between axial functionalization and 

two-dimensional monolayer assembly. We have also discussed efforts towards covalently 

functionalizing pre-determined sites in self-assembled monolayers of Ga(OEP)X complexes with 

electro- and photoactive ligands. We now turn our attention to functionalization of these 

monolayers through supramolecular host-guest interactions. 

The rich properties and potential applications of fullerenes for, among others, solar cells, 

sensors, and electronics, make them an attractive target for components in functional nanoscale 

devices.1, 2 The fact that such applications generally require that the fullerenes be part of a larger 

ensemble of chemical compounds that are spatially organized around them (e.g., with electron 

donors in solar cells3-5) has motivated extensive study of supramolecular fullerene chemistry, 

from which has emerged a wealth of design strategies for compounds, macromolecules, and 

solids in which fullerenes are located in specific or periodic positions.6-8 Supramolecular 

materials that self assemble via noncovalent interactions have been a particular focus because of 

their ability to incorporate pristine fullerenes (with their attendant properties) and their synthetic 

scalability, as contrasted with covalent assembly approaches. While the fullerenes C60 and C70 
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are known to form monolayers on gold surfaces under ambient conditions,9, 10 attempts to form 

monolayers of C60 on HOPG under the same conditions have been unsuccessful, and it was 

concluded that their affinity for the surface was not high enough to remove the fullerene from 

solution.10 Monolayers are reported under UHV conditions, though even with precisely 

controlled deposition methods, the buckyballs are prone to forming multilayers and are easily 

removed during STM scanning.11  

This has given rise to interest in the template-assisted assembly of fullerenes on HOPG at the 

solid-liquid interface. Previous attempts have relied on two-dimensional networks to act as the 

receptor. These networks have been comprised of a variety of components such as carboxylic 

acids,12-15 covalent-organic frameworks,16, 17 components that are known participants in fullerene 

donor-acceptor pairs such as oligothiophenes,18-21 or larger macrocycles.22 While the goal of any 

template is to exploit the size or recognition groups of the cavity formed to effectively trap the 

target molecule, such two-dimensional networks often fall short in terms of creating predictable 

adsorption sites and versatile deposition and imaging conditions. For example, C60 templating 

onto a self-assembled network of cyclothiophene molecules at the HOPG-1,2,4-trichlorobenzene 

interface showed adsorption both along the rim and in the center of the macrocycle,18 and a 

report of templating C60 and C84 on trimesic acid at the HOPG-1-octanoic acid interface gave 

templating only along domain boundaries in the trimesic acid network.12 Further, while 

porphyrins are known to form solution and solid-state supramolecular assemblies with 

fullerenes,23-28 studies of porphyrin-fullerene surface assemblies are carried out under UHV or 

electrochemical STM conditions.29  A new type of assembly motif would seek to address these 

issues.  
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We hypothesized that employing a square-pyramidal, five-coordinate metalloporphyrin 

monolayer as a corral to guide the assembly of fullerenes would prove to be an effective 

templating method at the HOPG-liquid interface. By choosing a porphyrin that self assembles 

into a lattice with parameters that are amenable to a target nanoparticle and employing an axial 

ligand that will have affinity for it, patterning could be achieved under ambient conditions, 

particularly at the solid-liquid (1-phenyloctane) interface. In regards to templating fullerenes, 

M(OEP) has been demonstrated throughout this work to reliably form well-ordered monolayers 

that give a pseudo-hexagonal unit cell at the HOPG-1-phenyloctane interface regardless of the 

axial ligand employed (a, b = 1.34 (3)–1.39 (2) nm, Γ = 66 (2)–68 (1)˚).30 This held true even for 

multi-atom ligands of significant calculated height such as triflate and phenylacetylide. The 

reliable formation of a cell of these dimensions is predicted to template one C60 or functionalized 

C60 molecule per cavity in the monolayer.  

In this chapter we describe the synthesis and STM studies of two Ga(OEP)X complexes that 

contain axial ligands that we predict to have affinity for templating fullerenes due to height and 

electron donating ability: X = 1-ethynylpyrene and 2-ethynylpyrene (Figure 4.1; Ga(OEP)(CC-1-

Pyr), Ga(OEP)(CC-2-Pyr)). It has been shown via NMR31 and UV-vis32 spectroscopy that pyrene 

forms a 1:1 molecular complex with C60 in CCl4. Further, in a series of polycyclic aromatic 

hydrocarbons, it was found that the formation constant of the pyrene-C60 complex was 

approximately ten times that of the smaller donor molecule naphthalene.32  This affinity towards 

forming electron donor-acceptor complexes combined with the unit cell parameters of our OEP 

monolayer makes this an ideal system for demonstrating the templating ability of this system. In 

this chapter, we describe the results of the sequential deposition of monolayer porphyrin 

followed by solutions of both C60 and its functionalized derivative PCBM. We also discuss the 
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unique results of depositing pre-mixed solutions of equal volumes of porphyrin and fullerene 

solutions.  

 

 

Figure 4.1. Ga(OEP)(CCPyr) complexes investigated in this chapter. 

4.2. Experimental  

Detailed experimental procedures and characterization for all complexes can be found in 

Section 6.3.5. The Ga(OEP)(CCPyr) complexes were synthesized by the general method of 

reacting Ga(OEP)Cl with the target LiCCPyr ligand in THF at low temperature. The molecular 

structures of all compounds were optimized by density functional theory in the gas phase both in 

the global and in local energy minima with all eight ethyl chains pointing up, the latter being the 

predicted on-surface geometry. Molecular models of their predicted assembly into a pseudo-

hexagonal unit cell with a C60 molecule within the intraligand cavity were constructed. Further, 

single point calculations of the optimized structures were carried out, and molecular orbital 

isosurfaces generated. The compounds were studied by scanning tunneling microscopy at the 

solid-liquid interface as monolayers, by sequential deposition of monolayer and the fullerenes 

Ga(OEP)(CC-1-Pyr) Ga(OEP)(CC-2-Pyr) 
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C60 and PCBM, and by deposition of pre-mixed solutions of porphyrin and C60, and analyzed as 

described in Sections 6.3.3 and 6.3.4. 

4.3. Results and Discussion 

4.3.1. Synthesis and Characterization of Ga(OEP)(CCPyr) Complexes. The method of 

synthesis was analogous to similar gallium porphyrins with acetylide ligands, namely 

Ga(OEP)(CCPh).30 The complexes were prepared via the reaction between Ga(OEP)Cl and 1-

(LiCC)pyrene or 2-(LiCC)pyrene in THF. These pyrenyl reagents were prepared in several steps 

beginning with the structurally appropriate bromopyrene; this was used to prepare the 

trimethylsilylethynyl derivative via Sonogashira coupling, which was then protiodesilylated and 

lithiated. While the 1-bromopyrene was commercially available as the starting material for the 

reported Sonogashira coupling with trimethylsilyacetylene,33 the 2-bromopyrene was first 

synthesized by a literature method of borylation of pyrene using an [Ir(μ-OMe)cod]2 catalyst, 

followed by reaction with CuBr2 in water.34 The Sonogashira coupling was done following the 

method reported for the synthesis of 2,7-bis(trimethylsilylethynyl)pyrene from the di-bromo 

precursor,34 which employs a Pd(dppf)Cl2 (dppf = 1,1-bis(diphenylphosphino)ferrocene) 

catalyst, citing higher yields than the typically employed Pd(PPh3)2Cl2 catalyst. The protected 

complexes were then deprotected33, 34 and lithiated with nBuLi.   

The complexes were characterized by 1H-NMR and 13C-NMR spectroscopy, mass 

spectrometry, and electronic absorption spectroscopy (see Section 6.3.5 for full details). The 1H 

NMR spectra of the final products show a significant separation and upfield shift in the 

resonances of the ethynylpyrene ligands (Figures 6.18 and 6.20). The electronic absorption 

spectra display Soret and Q bands that are within 1 nm of those for the analogous 



90 
 

Ga(OEP)(CCPh) described in Chapter 2 and features between 350 and 393 nm consistent with 

absorption bands of 1-ethynylpyrene redshifted by approximately 10 nm (Figure 6.22).  

4.3.2. Density Functional Theory. Density functional theory (DFT) calculations were 

conducted on the Ga(OEP)(CCPyr) complexes to determine their optimized gas-phase structures 

(Figure 4.2). From selected bond distances, bond angles, and the nonplanar distortions of the 

porphyrin core (Table 4.1), we observed that the ethynylpyrene complexes are essentially 

identical in structure to one another and to the previously studied acetylide complex, 

Ga(OEP)(CCPh). Specifically, the calculations indicate similar predicted amounts of doming to 

the porphyrin core for the Ga(OEP)(CCPh) and both Ga(OEP)(CCPyr) molecules: 0.50 Å and 

0.49 Å above the N4 plane, and 0.05 Å and 0.05 Å between the N4 and C20 planes respectively. 

The only significant difference in the calculated structure is the height of the molecules: 9.1 Å 

above the 24-atom porphyrin plane for the Ga(OEP)(CCPh) molecule vs. 11.4 Å for 

Ga(OEP)(CC-1-Pyr) and 13.2 Å for Ga(OEP)(CC-2-Pyr).  As we have observed with all M(OEP) 

complexes thus far, the differences among their calculated geometries do not translate to 

differences in on-surface structure; all compounds form monolayers with the same pseudo-

hexagonal lattice parameters on HOPG at the solid-liquid interface. This trend is expected to 

continue with the Ga(OEP)(CCPyr) complexes reported here. 
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Figure 4.2. Gas-phase optimized structures of Ga(OEP)(CCR) complexes. Atoms are color-

coded: Ga, orange; N, blue; C, black; H, white.  

 

 

Table 4.1. Selected Bond Distances (Å) and Angles (°) for Ga(OEP)(CCPh), Ga(OEP)(CC-1-

Pyr) and Ga(OEP)(CC-2-Pyr) Calculated by Density Functional Theory. 

 L  

Nuclei CCPh CC-1-Pyr CC-2-Pyr  

Ga–C 1.9559 1.9587 1.9574  

Ga–N(1) 

Ga–N(2) 

Ga–N(3) 

Ga–N(4) 

2.068 

2.068 

2.068 

2.068 

2.068 

2.067 

2.068 

2.068 

2.068 

2.067 

2.068 

2.069 

 

N(1)–Ga–C 103.9 103.7 104.0  

N(2)–Ga–C 103.9 104.1 104.3  

N(3)–Ga–C 103.9 104.0 103.9  

N(4)–Ga–C 103.8 103.3 103.3  

Ga–N4 plane (Å) 0.495 0.490 0.494  

Ga–C20 plane (Å) 0.544 0.547 0.548  

N4–C20 planes (Å) 0.048 0.054 0.054  

24 atom por plane-“top” of molecule (Å) 9.1 11.4 13.2  

 

Space-filling models were generated with the Ga(OEP)(CCPyr) complexes arranged in the 

predicted pseudo-hexagonal OEP unit cell similar to those constructed in Chapter 3 (Figure 4.3), 

with the addition of a molecule of C60 placed in the intra-ligand cavity formed by the four axial 

pyrenyl units. From these models, it was observed that both intra-ligand cavities form corrals of 

Ga(OEP)(CC-1-Pyr) Ga(OEP)(CC-2-Pyr) 
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the appropriate dimension to accommodate one molecule of C60 (Figure 4.3a and c). From side-

on views (Figure 4.3b and d), the pyrenyl ligands further appear to have good overlap with the 

fullerene in the pocket. While the pyrene ligands are expected to have free rotation about the 

GaCC axis within the cavity prior to fullerene deposition, their orientation post-deposition 

cannot be predicted with certainty at this time; this may prove to be an important factor in 

guiding the on-surface assembly of the guest molecule, particularly in the case of the asymmetric 

Ga(OEP)(CC-1-Pyr), where a different number of “long” and “short” pyrene contacts in each 

unit cell could be envisioned.  However, we are confident, given the invariance of the OEP unit 

cell dimensions with regards to change in axial ligand, that our system has the potential to 

accommodate a fullerene molecule.  

  

    

Figure 4.3. On-surface molecular model of monolayers of a unit cell of Ga(OEP)(CC-1-Pyr) (A 

and B) and Ga(OEP)(CC-2-Pyr) (C and D) with one molecule of C60 incorporated into the inter-

ligand cavities. Top-down (A and C) and side-on (B and D) views are shown. 

A 

C

 

D

 

B
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To gain an understanding of the electronic nature of the Ga(OEP)(CCPyr) complexes, the 

frontier orbitals of these molecules, as well as their component fragments Ga(OEP)(CCH), 1-

ethynylpyrene, and 2-ethynylpyrene were calculated (HOMO–2 through LUMO+2; see Figures 

6.16 and 6.17). It was found that the Ga(OEP)(CCPyr) orbitals strongly resemble those of their 

components, being fully localized on either the porphyrin or pyrenyl fragment and lying at 

energies similar to those for models of these subunits. This localization is manifested 

experimentally by their electronic-absorption spectra discussed above (see Figure 6.22), which 

display features nearly identical to the Ga(OEP)(CCPh) complex and slightly redshifted from 

those of 1-ethynylpyrene. The structural and electronic modularity of Ga(OEP)(CCPyr) 

complexes suggest that the affinity of their pyrenyl ligands for fullerenes and assembly of the 

porphyrin monolayers on HOPG should be similar to those of their free subunits, which is 

important for isolating the factors that control their ability to incorporate fullerenes into the intra-

ligand cavity. 

4.3.3 Scanning Tunneling Microscopy. 

4.3.3.1. Monolayer Assembly of Ga(OEP)(CCPyr) Complexes. Deposition of 0.5 mM 

solutions of Ga(OEP)(CC-1-Pyr) and Ga(OEP)(CC-2-Pyr) on HOPG results in their self 

assembly into expansive, highly ordered monolayers, as revealed by STM imaging at the solid–

liquid interface (Figure 4.4). The monolayers appear in domains that span more than 100 nm in 

the minimum dimension and, further, are robust, exhibiting no damage after STM scanning for 

several hours at low current setpoints. This is in contrast with observations in Chapter 2 which 

saw removal of the monolayer of the multi-atom-axial-ligand complex Ga(OEP)(O3SCF3) upon 

repeated scanning.  
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Figure 4.4. STM images of (A) Ga(OEP)(CC-1-Pyr) and (B) Ga(OEP)(CC-2-Pyr) on HOPG at 

the solid–liquid interface showing long-range ordering of the monolayers ([por] = 0.5 mM, 1-

phenyloctane). The images were acquired at (A): I = 8 pA, V = –700 mV; (B): I = 8 pA, V = –

500 mV). 

Variation of the STM bias voltage presents the individual molecules either as ring-shaped 

features (Figures 4.5a and b) which correspond to the porphyrin macrocycle, or as sharper, bright 

features that are associated with the axial ligands (Figure 4.5c and d). This phenomenon has been 

observed in previous STM studies of porphyrin monolayers30, 35 and interpreted as providing 

direct evidence that the porphyrin rings are oriented parallel to the surface with the axial ligands 

perpendicular to it. Structural analyses of these images indicate that, as predicted, the molecules 

exhibit pseudo-hexagonal packing with lattice parameters for both Ga(OEP)(CCPyr) complexes 

that are identical, within experimental error, to each other and to those of similar Ga(OEP)X 

complexes acquired under comparable conditions (Table 4.2). The apparent height of the sharper 

axial features ranges between ~1.1–1.3 Å. As observed in other STM studies of porphyrin 

compounds with multi-atom axial ligands,30, 36 these apparent maximum heights are substantially 

less than the actual height (Ga(OEP)(CC-1-Pyr), 11.4 Å from base of the porphyrin plane; 

Ga(OEP)(CC-2-Pyr), 13.2 Å; as calculated by DFT). 

 

A B 
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Figure 4.5. STM images and cross-sectional profiles of (A and C) Ga(OEP)(CC-1-Pyr) and (B 

and D) Ga(OEP)(CC-2-Pyr) monolayers on HOPG at the solid–liquid interface showing 

resolution of the porphyrin macrocyle (A and B) and axial ligand features (C and D) ([por] = 0.5 

mM, 1-phenyloctane). The images were acquired at (A): I = 10 pA, V = –900 mV; (B): I = 10 

pA, V = –300 mV; (C): I = 10 pA, V = –700 mV; (D): I = 12 pA, V = –800 mV). The height 

profiles correspond to the white lines shown in the STM images (C) and (D). 

 

4.3.3.2. Sequential Deposition of Ga(OEP)(CCPyr) and Fullerene Solutions. Addition of 

a 3.0 mM solution of C60 to monolayers of Ga(OEP)(CC-1-Pyr) on HOPG, prepared as above, 

produces dramatic changes to the STM images that result from supramolecular incorporation of 
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the fullerene into the array (denoted Ga(OEP)(CC-1-Pyr)•C60). Specifically, the images exhibit 

extensive, well-defined arrays of mixed bright and dimmer features (Figure 4.6), indicative of a 

significant variation in apparent height across the surface, and consistent in appearance with 

literature reports of C60 incorporation in 2D surface-assisted templates.12, 17, 18, 21, 37 Addition of 

fullerene solutions also results in less coverage of the HOPG surface than that observed by 

deposition of solely the porphyrin monolayer. Structural analysis of these arrays at higher 

resolution (Figure 4.6b), reveals that the dimmer features exhibit apparent maximum heights of 

~1.1–1.4 Å, similar those found above for the monolayer of Ga(OEP)(CC-1-Pyr), while the 

bright spots, which are assigned to the fullerene, correspond to maximum heights between 2.0–

2.8 Å. Although there are sites and regions where fullerenes are absent, the spacing between all 

maxima is constant along a given lattice direction and provides cell dimensions identical to those 

of the monolayers (Table 4.2). This indicates the each C60 molecule is associated in the same way 

with one unit cell of the underlying monolayer.  
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Figure 4.6. STM images and cross-sectional profile of Ga(OEP)(CC-1-Pyr) after sequential 

deposition of porphyrin monolayer followed by a solution of C60 on HOPG at the solid–liquid 

interface, showing random incorporation of the fullerene into the porphyrin array ([por] = 0.5 

mM, [C60] = 3.0 mM, 1-phenyloctane). The images were acquired at (A): I = 8 pA, V = –700 

mV; (B) I = 8 pA, V = –700 mV. The height profile corresponds to the white line shown in the 

STM image (B) and key structural features in the profile and image are noted with arrows. 

Qualitatively similar images are observed for samples in which the concentration of the 

added fullerene solution is varied across the range 0.05–3.0 mM, where the high end approaches 

the saturation limit of C60
12 (Figures 4.6–4.8). In sequentially depositing solutions of 

Ga(OEP)(CC-1-Pyr) and C60, we observe similar amounts of fullerene incorporation at both the 

lowest and highest concentrations studied, spanning almost two orders of magnitude. It is also 

noteworthy that C60 occupancy and vacancy within the overlayer show very few changes upon 

repeated scanning at low current setpoints, as shown in a series of sequential images of 
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Ga(OEP)(CC-1-Pyr)•C60 (Figure 4.7), indicating that incorporation and removal of fullerenes is 

slow on the STM timescale and resistant to disruption from the STM tip. 

 

   

Figure 4.7. Sequential STM images of Ga(OEP)(CC-1-Pyr)•C60 on HOPG at the solid–liquid 

interface ([por] = 0.5 mM, [C60] = 0.05 mM, 1-phenyloctane; I = 10 pA, V = –700 mV). Red 

circles are dim spots that are brighter in the previous or following image and green are the 

brighter spots. 

The porphyrin and fullerene layers of these assemblies can be individually imaged under 

specific conditions, providing insight into finer details of their structures. One important question 

is whether the vacancies observed in the fullerene overlayers result from vacancies or defects in 

the underlying porphyrin monolayer. Shown in Figure 4.8 is a sequence of STM images of a 

fixed region of Ga(OEP)(CC-1-Pyr)•C60 where the bias voltage was toggled to allow separate 

imaging of the C60 overlayer (Figure 4.8a) and of the underlying monolayer of the porphyrin 

(Figure 4.8b). These images indicate that vacancies in the C60 overlayer do not coincide with 

vacancies in the underlying monolayer, which is continuous in this region. Further, structural 

analysis of the macrocycle structure underlying Ga(OEP)(CC-1-Pyr)•C60 provides lattice 

parameters that are identical, within experimental error, to those of Ga(OEP)(CC-1-Pyr) alone 

(Table 4.2), indicating that the incorporation of C60 does not affect the underlying porphyrin 

lattice structure.  
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Figure 4.8. Sequential STM images of a fixed region of Ga(OEP)(CC-1-Pyr)•C60 on HOPG at 

the solid–liquid interface ([por] = 0.5 mM, [C60] = 0.05 mM, 1-phenyloctane) in which the bias 

voltage is toggled in order to separately image the C60 overlayer and underlying monolayer of 

Ga(OEP)(CC-1-Pyr). The images were acquired at (A): I = 8 pA, V = –900 mV; (B): I = 8 pA, V 

= –200 mV. The images were collected along the same scan direction; a total of two scans (one 

up, one down) occurred between the images.  

Qualitatively similar observations are observed upon sequential deposition of a 0.5 mM 

solution of Ga(OEP)(CC-2-Pyr) and 0.05−3.0 mM solutions of C60 on HOPG. Random 

incorporation of the fullerene can be observed across a patterned background (Figure 4.9a−d), 

and the underlying porphyrin macrocyle can be independently resolved (Figure 4.9e). As 

observed for the Ga(OEP)(CC-1-Pyr) analog, both the fullerene overlayer, Ga(OEP)(CC-2-

Pyr)•C60, and the underlying porphyrin monolayer display a retention of the pseudo-hexagonal 

lattice parameters (Table 4.2). However, the extent of fullerene incorporation into the arrays 

tends to be both lower and less consistent for Ga(OEP)(CC-2-Pyr) than for Ga(OEP)(CC-1-Pyr); 

as the concentration of fullerene solution is lowered, the degree of incorporation appears to 

increase (Figure 4.9). These results indicate that there is most likely a complex set of interactions 

between the buckyballs and the porphyrins both on the surface and in solution; this is not 

unexpected as both pyrene31, 32 and porphyrins themselves23-28 have well-established affinity for 

fullerenes.  However, the template we have engineered is demonstrated to be successful in its 

goal and similar in behavior over a wide range of concentrations. 

A B 
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Figure 4.9. STM images and height profile of Ga(OEP)(CC-2-Pyr)•C60 on HOPG at the solid–

liquid interface showing large-scale ordering (A and B), higher-resolution images (C and D), and 

independent imaging of the underlying porphyrin macrocycle (E) ([por] = 0.5 mM, [C60] = 0.05 

mM (B and C), 3.0 mM (A, D and E), 1-phenyloctane). The images were acquired at: (A) I = 8 

pA, V = –500 mV (B) I = 10 pA, V = –500 mV; (C) I = 10 pA, V = –500 mV; (D) I = 10 pA, V= 

–700 mV; (E) I = 10 pA, V= –800 mV. The height profile corresponds to the white line shown in 

the STM image (D). 

We have also successfully applied the same technique to incorporate the functionalized 

fullerene [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) at a concentration of 3.0 mM by 

sequentially depositing it on both pre-formed Ga(OEP)(CCPyr) monolayers (denoted 
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Ga(OEP)(CC-1-Pyr)•PCBM and Ga(OEP)(CC-2-Pyr)•PCBM). We observed similar bright 

features incorporated into a Ga(OEP)(CC-1-Pyr) array within minutes after deposition of the 

PCBM solution (Figure 4.10) and a similar overall amount of fullerene incorporation when 

compared to the C60 fullerene. Similarly, the porphyrin macrocycle structure can be observed by 

toggling the bias voltage, revealing nearly complete porphyrin monolayer coverage beneath the 

fullerene overlayer (Figure 4.10d). Lattice parameters were also consistent with the pseudo-

hexagonal OEP cell, as observed with C60 incorporation (Table 4.2). This result speaks to the 

versatility of the corral system we have engineered to template a variety of guest molecules 

beyond pristine fullerenes. 

   

   

Figure 4.10.  STM images of Ga(OEP)(CC-1-Pyr)•PCBM on HOPG at the solid-liquid interface 

(A-C) and the underlying porphyrin macrocycle (D) ([por] = 0.5 mM, [PCBM] = 3.0 mM, 1-

phenyloctane). The images were acquired at (A): I = 8 pA, V = –500 mV; (B) I = 8 pA, V = –500 

mV; (C) I = 8 pA, V = –900 mV; (D) I = 8 pA, V = –600 mV. 

A B 

C D 
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A similar result for Ga(OEP)(CC-2-Pyr)•PCBM overlayers is obtained; this has also led to 

high-quality images where both the porphyrin macrocycle and fullerene can be simultaneously 

imaged, allowing for information about the local structure of the fullerene within the pyrene 

corral to be extracted (Figure 4.11). It is evident from this image that the bright features are 

offset from the center of the porphyrin ring, supporting the conclusion that the fullerenes are 

incorporated into the corral. Further, they appear to be principally associated with a single 

pyrenyl ligand, as the fullerene is offset from the exact center of the unit cell formed by four 

porphyrin molecules, as shown in the overlaid unit cell in Figure 4.11a. A space-filling 

molecular model of the proposed structure is shown (Figure 4.11b). Similar observations have 

been made for Ga(OEP)(CC-1-Pyr)•C60 (Figure 4.11c). The asymmetric nature of the 1-

ethynylpyrene ligand results in the probable outcome of variable pyrene contacts in each unit cell. 

However, given the similarities in templating fullerenes and observable local structures, this does 

not seem to have a strong effect. 
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Figure 4.11. STM image with cross-sectional profile (A) and proposed molecular model (B) of 

Ga(OEP)(CC-2-Pyr)•PCBM and STM image with cross-sectional profile (C) of Ga(OEP)(CC-1-

Pyr)•C60 at the solid-liquid interface on HOPG ([por] = 0.5 mM, [PCBM] = 3.0 mM, [C60] = 0.05 

mM, 1-phenyloctane). Simultaneous observation of the underlying porphyrin ring structure and 

offset fullerene in the intra-ligand cavity is seen (A and C). A representative unit cell is noted in 

the image (A) and model (B) and a vacancy in the porphyrin monolayer is noted in the image and 

corresponding height profile. The images were acquired at (A): I = 8 pA, V = –700 mV; (B) I = 

10 pA, V = –1100 mV. The height profiles correspond to the white lines shown in the STM 

images (A) and (C). 
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4.3.3.3. Deposition of Mixed Ga(OEP)(CCPyr)/C60 Solutions. To investigate the necessity 

of the sequential deposition process for the formation of supramolecular fullerene overlayers, 

experiments were performed in which mixed 1-phenyloctane solutions of containing 

Ga(OEP)(CC-1-Pyr) or Ga(OEP)(CC-2-Pyr) and C60 in equal volumes were deposited on HOPG 

and imaged by STM at the solid–liquid interface (after mixing: [por] = 0.25 mM, [C60] = 1.5 

mM). The mixed solution of Ga(OEP)(CC-2-Pyr) and C60 (denoted Ga(OEP)(CC-2-Pyr)/C60) 

yielded self-assembled structures consisting of a monolayer of porphyrin and an overlayer of C60 

identical in lattice structure to Ga(OEP)(CC-2-Pyr)•C60 provided by sequential deposition, as 

determined by comparison of lattice constants, the distribution of bright fullerene features, and 

corresponding apparent height profiles (Figure 4.12; Table 4.2). These arrays span hundreds of 

nanometers in width within minutes of deposition of the mixed solution. This result indicates that 

the porphyrin templated organization of fullerenes on surfaces can be accomplished by one-step 

self assembly, at least in select cases. 
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Figure 4.12. STM images and cross-sectional profile of a pre-mixed solution of Ga(OEP)(CC-2-

Pyr) and C60 on HOPG at the solid-liquid interface ([por] = 0.25 mM, [C60] = 1.5 mM). The 

images were acquired at (A): I = 8 pA, V = –700 mV; (B):  I = 8 pA, V = –700 mV. The height 

profile corresponds to the white line shown in the STM image (B).  

Unlike the observation for Ga(OEP)(CC-2-Pyr), addition of a mixed solution of 

Ga(OEP)(CC-1-Pyr)/C60 to HOPG resulted in a multi-domain, polymorphic structure 

immediately upon deposition with myriad domain boundaries (Figures 4.13 and 4.14). These 

domains consist of three lattice structures that can be identified. One structure is identical in 

qualitative appearance, lattice constants, and cross-sectional profile to that of the pseudo-

hexagonal Ga(OEP)(CC-1-Pyr)•C60 prepared by sequential deposition of Ga(OEP)(CC-1-Pyr) 

and C60 (bottom region of Figure 4.13a; Table 4.2). The other two lattices, which have not 

previously been observed in the deposition of any M(OEP) compound, possess substantially 

larger cell dimensions and areas than the standard pseudo-hexagonal lattice (a = 2.81 (0.04) nm, 

b = 2.04 (0.04) nm, Γ = 85 (2)°; a = 2.76 (0.08) nm, b = 1.41 (0.07) nm, Γ = 63 (2)°). These 
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atypical domains exhibit features with consistent apparent maximum heights of ~2.5–3.0 Å 

(Figure 4.13b), which is similar to the apparent heights associated with the included C60 

molecules of Ga(OEP)(CC-1-Pyr)•C60. These observations suggest that the lattices are comprised 

of other supramolecular arrangements and, possibly, stoichiometries, of Ga(OEP)(CC-1-Pyr) and 

C60.  

   

   

Figure 4.13. STM images and cross-sectional profiles of a pre-mixed solution of Ga(OEP)(CC-

1-Pyr) and C60 on HOPG at the solid-liquid interface ([por] = 0.25 mM, [C60] = 1.5 mM): (A) 

Region showing all three unit cells including pseudo-hexagonal lattice with incorporated 

fullerene (evident in the bottom 1/3 of the image). (B) Representative example of multi-domain 

structure with arrays of previously unobserved unit cells. The images were acquired at (A): I = 8 

pA, V = –700 mV; (B): I = 8 pA, V = –700 mV. The height profiles correspond to the white lines 

shown in the STM images. 

While the exact nature of these structures has not yet been determined, they appear to be 

kinetically unstable, interchanging rapidly during imaging (Figure 4.14a and b), and eventually 

appearing to transition to primarily the pseudo-hexagonal domain (Figure 4.14c and d), which 
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suggests that the latter is the thermodynamically favorable arrangement; more rigorous studies of 

the evolution of the domains with time are needed to confirm this observation. While this is the 

first example of such kinetic instability in our M(OEP) systems, it is not uncommon for multi-

domain systems to occur in other self-assembled porphyrin arrays at the solid-liquid interface, 

most often in long alkyl-chain meso-substituted porphyrin arrays.38-40 The results for 

simultaneous deposition of Ga(OEP)(CC-2-Pyr) and C60 indicates that, with appropriate design, 

the porphyrin templated organization of fullerenes on surfaces can be accomplished by one-step 

self assembly. The results for Ga(OEP)(CC-1-Pyr), however, suggest that the solution-phase 

supramolecular chemistry of the porphyrin and fullerene can play an important role in 

determining the mechanism and structure of the self assembly processes on the surface. This can 

result in structural complexities that can be circumvented by sequential deposition methods.  
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Figure 4.14. STM images of a pre-mixed solution of Ga(OEP)(CC-1-Pyr) and C60 on HOPG at 

the solid-liquid interface ([por] = 0.5 mM, [C60] = 3.0 mM, equal volumes of 1-phenyloctane 

solutions mixed): (A) and (B) Sequential STM images showing kinetic instability of the larger 

unit cells; (C) Long-range ordering of array at t = n; (D) The same array at t = n + 45 minutes 

showing greater coverage of the pseudo-hexagonal M(OEP) lattice. The images were acquired at 

(A): I = 8 pA, V = –700 mV; (B): I = 8 pA, V = –700 mV; (C) I = 8 pA, V = –700 mV; (D) I = 8 

pA, V = –700 mV. 
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Table 4.2. Lattice Parameters of Ga(OEP)(CCR) Monolayers, Fullerene Overlayers, and 

Underlying Structures. 

 
a (nm) b (nm) Γ (°) 

Ga(OEP)(CCPh) Monolayer 1.35 ± 0.03 1.34 ± 0.03 66 ± 2 

Ga(OEP)(CC-1-Pyr) Monolayer 1.37 ± 0.02 1.35 ± 0.02 69 ± 2 

Ga(OEP)(CC-2-Pyr) Monolayer 1.37 ± 0.02 1.36 ± 0.03 66 ± 2 

Ga(OEP)(CC-1-Pyr)•C60 Overlayer a 1.36 ± 0.04 1.36 ± 0.04 66 ± 2 

Ga(OEP)(CC-1-Pyr) Ring Structure 

  Under C60 
1.39 ± 0.02 1.36 ± 0.03 68 ± 1 

Ga(OEP)(CC-1-Pyr)•PCBM Overlayer a 1.38 ± 0.05 1.35 ± 0.05 65 ± 1 

Ga(OEP)(CC-1-Pyr) Ring Structure  

  Under PCBM 
1.39 ± 0.02 1.34 ± 0.03 65 ± 1 

Ga(OEP)(CC-2-Pyr)•C60 Overlayer a 1.36 ± 0.07 1.35 ± 0.07 68 ± 2 

Ga(OEP)(CC-2-Pyr) Ring Structure 

  Under C60 
1.37 ± 0.03 1.36 ± 0.03 68 ± 2 

Ga(OEP)(CC-2-Pyr) •PCBM Overlayer a 1.37 ± 0.05 1.36 ± 0.05 66 ± 2 

Ga(OEP)(CC-2-Pyr) Ring Structure 

  Under PCBM 
1.37 ± 0.03 1.36 ± 0.03 66 ± 2 

Ga(OEP)(CC-1-Pyr)/C60 Cell 1 b 2.81 ± 0.04 2.04 ± 0.04 85 ± 2 

Ga(OEP)(CC-1-Pyr)/C60 Cell 2 2.76 ± 0.08 1.41 ± 0.07 63 ± 2 

Ga(OEP)(CC-1-Pyr)/C60 Cell 3 1.39 ± 0.07 1.37 ± 0.07 63 ± 2 

Ga(OEP)(CC-2-Pyr)/C60 Overlayer b 1.37 ± 0.06 1.37 ± 0.06 66 ± 2 

Ga(OEP)(CC-2-Pyr)/C60 Ring Structure 1.37 ± 0.03 1.36 ± 0.03 65 ± 2 

a Overlayer prepared via sequential deposition of porphyrin and fullerene. b Overlayer prepared 

by deposition of mixed porphyrin/C60 solution. 

 

4.3.3.4. Fullerene Deposition Control Studies. To ensure that the supramolecular formation 

of fullerene overlayers on monolayers of Ga(OEP)(CCPyr) complexes is a consequence of the 

presence of the pyrenyl moieties within these monolayers, a series of control experiments were 

carried out. First, a control experiment in which C60 was deposited directly onto HOPG ([C60] = 
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3.0 mM, 1-phenyloctane) did not yield fullerene monolayers; this finding is consistent with a 

prior report to this effect at the HOPG-1,2,4-trichlorobenzene interface.10 This effect is also 

observed in images of Ga(OEP)(CCPyr)•C60 overlayers in which there is also exposed HOPG; 

no fullerene features are observed on the exposed HOPG itself (e.g., Figure 4.6), indicating that 

the presence of the porphyrin monolayer is required for fullerene deposition.  

Next, monolayers of porphyrins that lack pyrenyl groups were treated with C60 under 

conditions identical to those described that resulted in successful fullerene incorporation for 

Ga(OEP)(CCPyr) complexes. The porphyrin compounds Ga(OEP)(CCPh) and Ni(OEP) were 

employed for these control experiments; their monolayers on HOPG exhibit pseudo-hexagonal 

lattices with dimensions identical to those of the Ga(OEP)(CCPyr) complexes under these 

deposition conditions.30, 41  Deposition of solutions of C60 ([C60] = 0.05 mM and 3.0 mM, 1-

phenyloctane) onto preformed monolayers of Ga(OEP)(CCPh) and Ni(OEP) (0.5 mM. 1-

phenyloctane) at the solid–liquid interface did not result in formation of a fullerene overlayer, as 

established by a lack of observable overlayer under any imaging conditions that an array could 

be imaged. Instead, the original monolayer structure remained intact (Figures 4.15 and 4.16), 

though noticeable delamination of the Ga(OEP)(CCPh) surface arose upon repeated scanning. 

We have observed this phenomenon in our previous study of this compound in Chapter 2 though 

this effect may be amplified by interactions of the porphyrin with the C60 in solution or the 

reduction in concentration of porphyrin solution by the addition of the fullerene. 
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Figure 4.15. STM images of a NiOEP monolayer on HOPG at the solid–liquid interface (0.5 

mM, 1-phenyloctane) before (A and B) and after (C and D) addition of a C60 solution (3.0 mM, 

1-phenyloctane). No incorporation of C60 into the NiOEP monolayer was observed. The images 

were acquired at (A): I = 20 pA, V = –700 mV; (B): I = 30 pA, V = –700 mV; (C): I = 20 pA, V = 

–700 mV; (D): I = 20 pA, V = –700 mV. 

 

   

Figure 4.16. STM image of a monolayer of Ga(OEP)(CCPh) (0.5 mM, 1-phenyloctane) on 

HOPG at the solid–liquid interface before (A) and after (B) addition of C60 (3.0 mM, 1-

phenyloctane). No deposition of C60 was observed, though removal of the monolayer was 

observed after repeated scanning. A similar result was observed after addition of a dilute C60 

solution (0.05 mM). The images were acquired at: (A): I = 10 pA, V = –500 mV; (B): I = 10 pA, 

V = –500 mV. 

A B 

C D 

A B 
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The negative result for the Ni(OEP) monolayer, which lacks axial ligands and therefore 

presents the exposed porphyrin macrocycle to the solution, demonstrates that the organization of 

the fullerenes is not principally driven by a fullerene–porphyrin interaction, although Ni(OEP) is 

known to form close noncovalent contacts with both C60 and C70 in the solid state.26, 27 While an 

example of C60 forming an overlayer on NiOEP has previously been observed, the deposition 

conditions were significantly different; the porphyrin was evaporated from benzene onto a gold 

substrate and the measurements were carried out under electrochemical conditions.42 The 

Ga(OEP)(CCPh) monolayer presents the same corral structure as those of the Ga(OEP)(CCPyr) 

complexes, but possesses an axial ligand with a weaker affinity for C60 than pyrene. It has been 

reported that pyrene forms a 1:1 molecular complex with C60 in a CCl4 solution with a formation 

constant of 6.8 ± 1.03 L mol-1 while that of a smaller polycyclic aromatic hydrocarbon, 

naphthalene, was determined to be much smaller (0.67 ± 0.01 L mol-1).32 The lack of C60 

incorporation establishes that the corral structure provided by Ga(OEP)X monolayers is, by itself, 

insufficient to produce supramolecular organization of fullerenes, and that the equilibrium 

binding constant of the axial ligand is an important design parameter.  

4.4. Conclusions 

In this chapter, we have designed and synthesized two Ga(OEP)(CCPyr) complexes as a new 

method of templating the assembly of fullerenes from solution on HOPG. We have taken 

advantage of the invariance of the M(OEP) unit cell, also observed here in monolayers of both 

Ga(OEP)(CCPyr) complexes, to rationally design a corral with appropriate dimensions and 

affinity to attract one fullerene into each intra-ligand cavity. This technique proved successful 

only when an axial ligand with appropriate size and affinity for the fullerenes was employed; 

control studies with four-coordinate NiOEP and five-coordinate Ga(OEP)(CCPh) did not result 
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in fullerene templating. Incorporation was confirmed by imaging the nearly complete underlying 

porphyrin monolayer macrocycle beneath the bright fullerene features; additionally, 

simultaneous imaging of the porphyrin ring and bright fullerene features confirms intra-ligand 

incorporation. We have demonstrated that this templating technique can be applied to C60 as well 

as the functionalized fullerene PCBM with the same effect observed. 

Changing the orientation of the axial ligand from the asymmetric 1-ethynylpyrene ligand to 

the symmetric 2-ethynylpyrene ligand had little effect on the outcome of sequential deposition 

experiments. Incorporation was observed upon sequential deposition of C60 solutions ranging in 

concentration from 0.05 mM to 3.0 mM. Under certain conditions, as in pre-mixing 

Ga(OEP)(CC-2-Pyr) and C60 solutions, the sequential deposition process proved unnecessary, 

further simplifying this approach. However, the analogous Ga(OEP)(CC-1-Pyr) experiment 

proved more complex as a kinetically unstable, multi-domain structure was observed, showing 

that this approach is not suitable in every case. Overall, we have demonstrated the versatility of 

this system in templating a variety of fullerenes from solution over a large range of 

concentrations and a variety of conditions. Due to the modular nature of this design, future 

experiments could involve tuning the porphyrin periphery and axial ligand to adjust the corral for 

templating an assortment of guest molecules. 
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CHAPTER 5 

Development of Non-Pyrene Axial Ligands for Fullerene Templating on HOPG 

5.1. Introduction 

Having demonstrated evidence for the hypothesis that ordered arrays of five-coordinate 

metalloporphyrins could be used as corrals for the organization of small nanoparticles, we now 

focus on developing a greater understanding of the axial ligand scope that could be employed. 

From our work in Chapter 4, it is believed that a combination of a unit cell of appropriate 

dimension (the pseudo-hexagonal OEP unit cell exhibited by the Ga(OEP)X monolayers 

throughout this study) and an axial ligand with an appropriate affinity for the fullerenes C60 and 

PCBM (1- and 2-ethynylpyrene), resulted in the partial random incorporation of the fullerenes 

into the assemblies. In order to more rationally design these materials for the purposes of greater 

fullerene incorporation, fullerene patterning, and future incorporation of a larger range of 

nanoparticles, we sought a more systematic study of what factors played an important role in the 

templating process. In this chapter, we discuss variations in ligand height, affinity for fullerene, 

linker, and shape, and the effects these had on the ambient surface templating of fullerenes. 

One of the simplest modifications to test is that of the height of the ligand above the surface. 

Pyrene, and other polycyclic aromatic hydrocarbons (PAHs), have affinity for fullerenes due to 

the donor-acceptor interactions between their π-systems.1 This overlap is assumed to be an 

important part of our surface-assembled systems as well, as no templating is observed in 

sequential deposition of Ga(OEP)(CCPh) and C60; this is because the phenylacetylide ligand is 

not expected to have much, if any, affinity for the fullerene in solution. Therefore, by choosing a 

ligand that is predicted to have similar affinity for C60 in solution to pyrene, but whose geometry 

prevents it from extending as far orthogonally to the HOPG surface, we can test the hypothesis 
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that a good overlap of π-systems between the ligand and guest molecule is necessary. The axial 

ligand 9-ethynylanthracene is a good candidate for this. The solution affinity of anthracene for 

C60 is predicted to be similar to that of pyrene.2, 3 However, its geometry is such that it will 

extend noticeably less above the surface than both pyrene derivatives previously studied. 

Another fairly simple modification is changing the type of linker in our previously developed 

Ga(OEP)(CCPyr) system from an acetylide to a carboxylate; this is analogous to the change 

discussed in Chapter 3 for the Ga(OEP)(CCFc) and Ga(OEP)(O2CFc) complexes. While the 

acetylide linker is more rigid, the carboxylate linker provides more conformational freedom, a 

factor that may work to our advantage. Pyrene derivatives with flexible linkers such as 

ethylenecarboxylates have been employed for the solubilization and functionalization of single-

walled nanotubes, due to pyrene’s solution affinity for the carbon nanostructure.4, 5 In our system, 

we hope less rigidity could result in better overlap of the affinity group and the fullerene within 

individual intra-ligand cavities.  

We have, until this point, only investigated planar ligands as potential templates. However, 

we are also interested in ligands with a different shape that might create ordered patterns of 

fullerenes on the surface. Such a high degree of control over the organization of fullerenes at the 

nanometer-length scale is desirable. The ideal candidate for this task would selectively block 

certain sites in the monolayer due to steric constraints, while still maintaining adequate affinity 

for the fullerenes. The three-fold symmetric axial ligand 9-ethynyltriptycene is a good candidate 

for this investigation. Triptycene has known solid-state affinity for C60, forming single-crystals in 

a ratio of 3:1 triptycene:C60 with one fullerene in each of the three concave faces of the 

propeller-shaped molecule.6 Derivatives of triptycene are known to have solution affinity for 

fullerenes.7, 8 Further, the 120° angle between aryl planes is a good match for the obtuse angle of 
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the M(OEP) unit cell (~114°).  The third aryl plane is then predicted to extend into a neighboring 

corral and produce a unique fullerene pattern on the surface. 

While PAHs have well-established affinities for fullerenes and have been successful in our 

OEP-templating motif, we also wanted to expand the scope of ligand types under investigation. 

In particular, we aimed to introduce a heteroatom into the ligand system and investigate the 

effects of an ethynylthiophene template. Thiophenes and their derivatives have well-studied 

affinities for fullerenes in the solid state,9 and on surfaces.10-14 They have been also been actively 

investigated as components in organic photovoltaic devices, particularly in bulk heterojunction 

solar cells,15, 16 which make them a promising candidate for widespread nanometer-length scale 

organization. Although the ethynylthiophene axial ligand is shorter than the ethynylpyrenes 

previously investigated, a factor predicted to have an impact on fullerene incorporation, the 

bithiophene17 and tetrathiafulvalene18 derivatives would have greater height and could be 

considered if this proves to be a promising candidate.  

To this end, we have synthesized four additional Ga(OEP)X molecules aimed at exploring 

the parameters that affect the incorporation of fullerenes into the inter-ligand corrals (Figure 5.1). 

Three of these have axial acetylide linkers, Ga(OEP)(CCR) (R = 3-thiophene (Th), 9-

anthrancene (Anthr), 9-triptycene (Trip)), and one is the carboxylate analog of the 1-

ethynylpyrene, Ga(OEP)(O2CPyr). Molecular modeling was used to predict how fullerenes 

might interact with each of these compounds when assembled on a surface, and density 

functional theory was employed to investigate their electronic properties. Of these, only the 

Ga(OEP)(CCTh) complex was observed to conclusively interact with the fullerenes on the 

surface, forming a unique multilayer structure upon sequential deposition of the porphyrin and a 

C60 solution. We discuss the steric and electronic factors that may contribute to this. 
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Figure 5.1. Ga(OEP)X complexes investigated in this chapter. 

5.2. Experimental 

Detailed experimental procedures and characterization for all complexes can be found in 

Section 6.4.5. The Ga(OEP)(CCR) complexes were synthesized by the general method of 

reacting Ga(OEP)Cl with the target LiCCR ligand in THF at –78 °C. The Ga(OEP)(O2CPyr) 

complex was synthesized by reacting a slight excess of 1-pyrenecarboxylic acid with 

Ga(OEP)(OH), in an analogous manner to the Ga(OEP)(O2CFc) complex described in Chapter 3. 

Similarly, small impurities remain in this complex at this time. 

All compounds were optimized by density functional theory in the gas phase both in the 

global and in local energy minima with all eight ethyl chains pointing up, the latter being the 

predicted on-surface geometry. Molecular models of their predicted assembly into a pseudo-

hexagonal unit cell were constructed. Further, single point calculations of their optimized 

structures were carried out, and molecular orbital isosurfaces generated. All compounds were 

studied by scanning tunneling microscopy at the solid-liquid interface and analyzed as described 

in Sections 6.4.3 and 6.4.4. 

5.3. Results and Discussion 

5.3.1 Synthesis and Characterization of Ga(OEP)X Templates. The general methods for 

synthesis of these compounds are outlined in Scheme 5.1. All Ga(OEP)(CCR) complexes (R = 

Ga(OEP)(CCTh) Ga(OEP)(CCAnthr) Ga(OEP)(CCTrip) Ga(OEP)(O2CPyr) 
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Th, Anthr, Trip) were synthesized by the reaction of Ga(OEP)Cl with the corresponding LiCCR 

salt in THF at –78 °C. The salts were first generated from the HCCR complexes by lithiation 

with nBuLi. While the 3-ethynylthiophene starting material was commercially available, both the 

Ga(OEP)(CCAnthr) and Ga(OEP)(CCTrip) syntheses first required a coupling of 

trimethylsilylacetylene and 9-bromoanthracene under standard Sonogoshira conditions.19 The 9-

(trimethylsilyl)anthracene was further reacted with isopentyl nitrite and anthranilic acid in a one-

pot diazotization/Diels-Alder reaction to give the 9-(trimethylsilyl)triptycene complex.19 Both 

protected complexes were then deprotected with tetrabutylammonium fluoride in THF.19, 20 The 

synthesis of the Ga(OEP)(O2CPyr) complex followed that of the Ga(OEP)(O2CFc) analog 

described in Chapter 3,21 by reacting a slight excess of 1-pyrenecarboxylic acid with 

Ga(OEP)(OH) starting material in THF at room temperature. A small (< 5%) 1-pyrenecarboxylic 

acid impurity is still present at this time; attempts at recrystallization have so far been 

unsuccessful due to the similar solubilities of the impurity and the product. 

 

 

 



123 
 

 

 

 

Scheme 5.1. General reaction conditions for the synthesis of (A) Ga(OEP)(CCR) complexes and 

(B) Ga(OEP)(O2CPyr) complex studied in this chapter. Ethynyl and Ga(OEP)(OH) precursors 

are synthesized from literature methods. 

 

All complexes were characterized by 1H NMR spectroscopy and show characteristic upfield 

shifts of ligand resonances compared to the parent ligand, indicating successful attachment to the 

porphyrin. The Ga(OEP)(CCR) complexes were further characterized by 13C NMR, electronic 

absorption, and LDI-TOF spectroscopy; the full details of these can be found in Section 6.4.5. 

The electronic absorption spectra are qualitatively quite similar to those of other Ga(OEP)(CCR) 

complexes. Minor differences are observed between 300 nm and 380 nm, as expected based on 

differences in their ligand-derived absorption features.  

A 

B 
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5.3.2 Density Functional Theory. DFT calculations were conducted on all compounds to 

determine their optimized gas-phase structures (Figure 5.2). From selected porphyrin core bond 

lengths and angles (Table 5.1), we observe that all Ga(OEP)(CCR) complexes calculated in this 

study, including the three new acetylide complexes synthesized and studied here, are structurally 

very similar (Ga(OEP)(CCPh) is shown as a comparison). Specifically, the Ga–N4 plane 

distances span a small range from 0.491 Å for Ga(OEP)(CCAnthr) to 0.496 Å for 

Ga(OEP)(CCTh) and the N4–C20 plane distances span a similarly small range from 0.048 Å for 

Ga(OEP)(CCPh) to 0.054 for Ga(OEP)(CCTrip). The Ga(OEP)(O2CPyr) complex is calculated 

to be structurally very similar to the Ga(OEP)(O2CFc) complex discussed in Chapter 3. The 

calculated doming is less than that of the acetylide complexes, with a Ga–N4 plane distance of 

0.408 Å and an N4–C20 plane distance of 0.030 Å (compared to 0.450 Å and 0.035 Å for the 

Ga(OEP)(O2CFc), respectively). We also note the unsymmetrical porphyrin core (N−Ga−O 

angle = 95.8−107.1°) due to the nonlinearity of the gallium-carboxylate linkage. As we have 

observed with all M(OEP) complexes thus far, the calculated structure does not correlate to a 

difference in on-surface structure; all compounds form monolayers with the same pseudo-

hexagonal lattice parameters on HOPG at the solid-liquid interface. We predict that trend to 

continue for this new set of complexes. 
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Ga(OEP)(CCTh) 

Ga(OEP)(CCTrip) Ga(OEP)(O2CPyr) 

   

  

 

   

    

Figure 5.2. Gas-phase optimized structures of Ga(OEP)X complexes. Atoms are color coded: 

Ga, orange; N, blue; C, black; H, white; S, yellow; O, red. 

 

 

 

 

 

 

Ga(OEP)(CCAnthr) 
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Table 5.1. Selected Bond Distances (Å) and Angles (°) for Ga(OEP)X Complexes Calculated by 

Density Functional Theory. 

  X 

Nuclei CCPh CCTh CCAnthr CCTrip O2CPyr 

Ga–X 1.956 1.956 1.959 1.960 1.898 

Ga–N(1) 2.068 2.068 2.067 2.067 2.055 

Ga–N(2) 2.068 2.069 2.067 2.067 2.036 

Ga–N(3) 2.068 2.069 2.068 2.068 2.036 

Ga–N(4) 2.068 2.069 2.068 2.068 2.056 

N(1)–Ga–X 103.9 103.9 104.0 103.8 96.4 

N(2)–Ga–X 103.9 103.9 103.9 103.7 107.1 

N(3)–Ga–X 103.9 103.9 103.7 103.7 106.3 

N(4)–Ga–X 103.8 103.8 103.4 103.8 95.8 

Ga–C20N4 plane 0.536 0.536 0.537 0.536 0.433 

Ga–N4 plane 0.495 0.496 0.491 0.492 0.408 

Ga–C20 plane 0.544 0.545 0.544 0.545 0.438 

N4–C20 plane 0.048 0.049 0.053 0.054 0.030 

 

While the two-dimensional assembly of these complexes is expected to follow the pattern of 

pseudo-hexagonal unit cells observed for all OEP complexes to this point, these new compounds 

introduce variations in the space above the porphyrin plane that could have a significant impact 

on the monolayers’ abilities to template fullerenes. First, we note the Ga(OEP)(CCTh) complex 

contains a sulfur-containing ring, a deviation from the polycyclic aromatic hydrocarbons in 

Chapter 4 and in this chapter. Further, we note that while the two pyrene ligands studied in 

Chapter 4 were above 1 nm in expected height (~10.7 Å and ~12.7 Å above the porphyrin plane), 

the anthracene, triptycene, and thiophene are significantly shorter, (~8.5 Å, ~8.3 Å, ~8.1 Å, 

respectively). As we consider the suitability of these complexes for templating fullerenes, we 

consider the total on-surface geometry of the molecules with ethyl chains upturned22, 23 and 

VDW radii included. Models based on these considerations were constructed to predict the 

overlap of the ligand with the fullerene C60 when assembled on the surface (Figure 5.3). It is 
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predicted taking that, taking all geometries into account, the pyrene ligands will have good 

overlap with the π-system of the fullerene, while the shorter ligands have less overlap. Also 

included is the predicted “contact point” of the center of the fullerene; this is roughly in the 

center of the pyrene ligands, as shown in Figure 5.3. However, as seen for thiophene and 

anthracene (and, by extension, triptycene), the contact point is above the top of the ligand. Given 

that π-π interactions play an important role in the donor-acceptor supramolecular interactions of 

fullerenes with other molecules,1 we predict that this may have an effect on our templates’ 

effectiveness.  

 

 

Figure 5.3 Molecular models of select investigated Ga(OEP)(CCR) templates as assembled on a 

surface with upturned ethyl chains and their predicted point of contact with the mid-point of an 

incorporated C60 molecule. The Ga(OEP)(CCAnthr) and Ga(OEP)(CCTrip) are predicted to have 

almost identical points of contact, and the Ga(OEP)(O2CPyr) complex contains a flexible linker 

and the contact point may be variable and are therefore excluded. 

Another consideration is the 3-fold symmetric and sterically encumbered ligand present in 

the Ga(OEP)(CCTrip) complex, a deviation from the planar ligands studied to this point. We 

have modeled the Ga(OEP)(CCTrip) complex in the expected pseudo-hexagonal OEP unit cell to 

determine the likely orientation of the propeller-like triptycene ligands on the surface if 

C60 VDW 
mid-point 
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fullerenes were to be incorporated into the unit cell. Such modeling (Figure 5.4) suggests two 

possible orientations of the ligand upon deposition of the fullerene. One of these (Figure 5.4a) 

results in fullerenes that have the same pseudo-hexagonal OEP unit cell, but offset from the 

center of the porphyrin. The other (Figure 5.4b), results in the ligands blocking off the adjacent 

interligand cavities, resulting in a patterned filling of fullerenes in every other row. It is not 

immediately clear which of these would be thermodynamically favored, but they should be easily 

distinguishable by STM. The ability to precisely control the placement and spacing of fullerenes 

in supramolecular assemblies will be invaluable to continue to improve device performances. 
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Figure 5.4. On-surface molecular model of monolayers of Ga(OEP)(CCTrip) with different 

orientations of the axial ligand allowing for different packing arrangements of C60 into the inter-

ligand cavities. The hydrogen atoms on the triptycene ligand are shown in red for clarity. 

 

By changing the axial ligand, we have also changed the electronic structures of the 

complexes we have designed for templating, an important aspect to consider in donor-acceptor 

systems. In order to observe any correlations between STM images and electronics as determined 

by DFT, the frontier orbital energies of the complexes were compared to those calculated for C60 

and PCBM (HOMO–2 to LUMO+2; Table 5.2). Molecular orbital prediction can be useful to 

A 

B 
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help design effective candidates in electron-transfer systems;24 in this case, the ideal template 

would have a HOMO of ligand parentage that can easily donate to the LUMO of the fullerene (–

4.26 eV for C60 and –4.11 eV for PCBM). The HOMO energies for the templates investigated 

span a fairly narrow range (–5.89 eV for Ga(OEP)(O2CPyr) to –5.55 eV for Ga(OEP)(CCAnthr)). 

As discussed in Chapter 4, the complexes are largely electronically modular, with a frontier 

orbital of primarily axial ligand parentage; however, as shown in Figure 5.5, this orbital can be 

either the HOMO or HOMO–2, with no clear pattern emerging for which fall into which 

category. As the complexes known to template fullerenes, Ga(OEP)(CC-1-Pyr) and 

Ga(OEP)(CC-2-Pyr), vary in their orbital of ligand parentage and fall within the middle of the 

HOMO energy ranges, we predict that a balance of electronics, sterics, and geometry will play a 

role in determining what will make an effective template. 

 

Table. 5.2. DFT calculated frontier orbital energies of fullerenes and templates investigated in 

Chapters 4 and 5. All energies are given in eV. 

  Fullerene L 

Orbital C60 PCBM CC-1-Pyr CC-2-Pyr CCTh CCAnthr CCTrip O2CPyr 

LUMO +2 –4.26 –3.82 –2.20 –2.11 –1.23 –2.32 –1.29 –2.22 

LUMO +1 –4.26 –4.06 –2.93 –2.92 –2.89 –2.94 –2.96 –2.97 

LUMO –4.26 –4.11 –2.94 –2.92 –2.90 –2.95 –2.96 –2.98 

HOMO –7.00 –6.65 –5.69 –5.84 –5.82 –5.55 –5.88 –5.89 

HOMO –1 –7.00 –6.79 –5.86 –5.97 –5.94 –5.86 –6.01 –5.91 

HOMO –2 –7.00 –6.80 –5.98 –6.00 –6.16 –5.99 –6.41 –6.09 
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Figure 5.5. Highest occupied molecular orbital of primarily ligand parentage for investigated 

fullerene templates (isosurface value = 0.02). 

 

5.3.3. Scanning Tunneling Microscopy. 

5.3.3.1. Ga(OEP)(CCTh).  Initial studies of Ga(OEP)(CCTh) at 0.5 mM, the concentration 

used throughout this study for most porphyrins, did not result in the formation of observable 

monolayers. When the concentration of the solution was increased to 0.75 mM, monolayer 

formation was observed (Figure 5.6), and this concentration is used generally throughout this 

study. However, later studies indicated that 0.5 mM solutions may indeed be suitable for these 

studies. The monolayers are variable in size, spanning roughly 30–100 nm in width. It was noted 

that the edges of arrays are often characterized by straight boundaries (Figure 5.6a and b), an 

unusual observation for OEP compounds. In studies of the ordering of organic molecules on 

CC-1-Pyr 
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–5.69 eV 
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HOPG at the solid-liquid interface, it was observed that separately corralled arrays order with 

rotations of ±60° from one another, due to the symmetry of the underlying substrate;25 it is 

possible that these boundaries are due to a similar underlying substrate effect, although the DFT 

studies reported above give no indication that Ga(OEP)(CCTh) possesses unique structural or 

electronic characteristics among Ga(OEP)X complexes that could account for this behavior. 

Smaller-scale images give well-resolved axial ligand features with apparent heights of ~1.2 Å 

(Figure 5.6c), similar to that seen for Ga(OEP)(CCPh). As predicted, the unit cell of the 

monolayer was found to be in good agreement with previous pseudo-hexagonal OEP complexes: 

a = 1.37 (0.03) nm, b = 1.35 (0.04) nm, Γ= 66 (3)°. 
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Figure 5.6. STM images showing long-range (A and B) and short-range ordering (C) of 

Ga(OEP)(CCTh) on HOPG at the solid–liquid interface (0.75 mM, 1-phenyloctane). The cross-

sectional profile is taken along the white line shown in the STM image (C). The images were 

acquired at (A): I = 10 pA, V = –500 mV; (B): I = 8 pA, V = –500 mV; (C): I = 12 pA, V = –200 

mV. 

Upon the sequential deposition of a monolayer of Ga(OEP)(CCTh) followed by a 3.0 mM 1-

phenyloctane solution of PCBM, we observed that random incorporation of the fullerene into the 

array is observed over multiple trials, comparable to what is observed with the Ga(OEP)(CCPyr) 

(Figure 5.7). The resulting arrays are qualitatively similar in occupancy of fullerene, and 

delamination of the surface that is observed in large-scale images (Figure 5.7a). Apparent height 

profiles also reveal a similar increase in apparent height (~2.0 Å for incorporated fullerene 

compared to ~1.2 Å for monolayer Ga(OEP)(CCTh)). These observations, being consistent with 

those observed for previous studies of C60 overlayers, indicate that the PCBM is not interacting 
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with the intra-ligand cavity in an unexpected way. Therefore, we hypothesize that the PCBM 

guest molecule is oriented in the pocket with the functional group toward the solution, as shown 

in the model in Figure 5.7c.  

 

     

 

 

Figure 5.7. STM images (A and B) and proposed molecular model (C) showing sequential 

deposition of Ga(OEP)(CCTh) and PCBM on HOPG at the solid-liquid interface ([por] = 0.75 

mM, [PCBM] = 3.0 mM, 1-phenyloctane). No multilayers are observed, while sporadic 

incorporation of fullerene is observed. The images were acquired at (A): I = 8 pA, V = –500 mV; 

(B): I = 8 pA, V = –700 mV. The cross-sectional profile is taken along the white line shown in 

image (B). 

The interaction of a Ga(OEP)(CCTh) monolayer with C60 is markedly different from that 

with PCBM. Upon addition of 3.0 mM C60 to a preformed monolayer of Ga(OEP)(CCTh), a 

unique phenomenon is observed immediately after re-engagement of the STM tip; widespread 

multilayers are formed (Figure 5.8). While these multilayers tend to be accompanied by an 
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increase in exposed graphite, as observed in sequential deposition experiments of 

Ga(OEP)(CCPyr) and C60 and in the analogous experiment with PCBM discussed above, the 

now characteristic random incorporation of bright features across a dim patterned background 

observed in these studies is not seen. A cross-sectional profile of these expansive mulitlayers 

shows that two distinctive layers can be resolved on top of the exposed HOPG. We note that this 

unique structure is never observed in STM studies of the Ga(OEP)(CCTh) complex directly 

deposited onto the surface. 

     
 

 
Figure 5.8. STM images and cross-sectional profile of Ga(OEP)(CCTh) with C60 multilayer 

arrays formed upon sequential deposition of porphyrin and fullerene on HOPG at the solid-liquid 

interface showing long-range ordering of the multilayers with an increase in exposed graphite 

([por] = 0.75 mM, [C60] = 3.0 mM, 1-phenyloctane). The cross-sectional profile is taken along 

the white line shown in the STM image (A). The images were acquired at (A): I = 8 pA, V = –

900 mV; (B): I = 8 pA, V = –600 mV. 

 

0

0.5

1

1.5

2

0 10 20 30 40A
p

p
a
re

n
t 

H
e
ig

h
t 

(Å
)

Distance (nm)

B A 



136 
 

Detailed analysis of small-scale images of the multilayers suggests that the top layer is 

porphyrin in origin (Figure 5.9). While the top layer often appears as well-defined features 

(Figure 5.9a and c), we have also observed data in which the top layer has a ring-like structure 

(Figure 5.9b). This is qualitatively similar to our previous observations of the porphyrin 

macrocycle directly assembled on HOPG, in which a dark center and bright periphery are 

observed for individual molecules. However, we are not able to distinguish between a top layer 

of Ga(OEP)(CCTh) that has axial ligand facing up towards the solution and one with axial 

ligands facing the bottom layer. We also note that images suggest that the bottom and top layers 

are slightly offset from one another (Figure 5.9a), though the structure of the top layer of the 

Ga(OEP)(CCTh) array is the same as the bottom (bottom unit cell: a = 1.39 (0.02) nm, b = 1.37 

(0.03) nm, Γ= 66 (2)°; top unit cell: a = 1.38 (0.02) nm, b = 1.37 (0.02) nm, Γ= 66 (2)°). Finally, 

the top layer also exhibits borders with very straight edges (Figure 5.9c), as was observed with 

the Ga(OEP)(CCTh) monolayer on HOPG, furthering the conclusion that the top layer is 

porphyrin in nature. While independent bilayer islands were observed for the Ga(OEP)I complex 

in Chapter 2, these resulted from direct deposition of solutions of the porphyrin alone, formed 

independent bilayer islands whose lattices were mismatched from one another, and whose top 

layer had a different structure that that typically observed for monolayer Ga(OEP)X complexes. 

These differences have led to the conclusion that the Ga(OEP)(CCTh) top layer is not free 

standing on the bottom layer, but is interacting with the C60 to form the observed structure. 

The totality of these observations has led us to propose the sandwich-type structure shown in 

Figure 5.9d in which C60 molecules are incorporated between two Ga(OEP)(CCTh) layers. This 

is consistent with observation of a top porphyrin layer whose lattice is identical to, but offset 

from, the bottom porphyrin layer. We tentatively suggest that in the top layer of porphyrins the 
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axial ligands are oriented down, allowing maximum thiophene-fullerene overlap. While we note 

that we have not been able to resolve C60 incorporated into these arrays at any bias voltage, the 

lack of multilayer formation upon deposition of only Ga(OEP)(CCTh) strongly suggests that its 

templating effect is the driving force behind their formation. This conclusion is also supported by 

the observation that bilayers are not observed when PCBM replaces C60. Apparent height profiles 

suggest that the height roughly doubles from the bottom to the top layer; the molecular model we 

propose predicts the top porphyrin layer to be roughly 1.4 nm from the bottom (~0.8 nm to the 

top of the Ga(OEP)(CCTh)). However, we have observed several times that apparent and actual 

height are unrelated. Additional surface analysis methods that would probe the structure of this 

array would be required to confirm this hypothesis, such as grazing incidence small-angle X-ray 

scattering (GISAXS).26, 27 This would ideally be done under solvent-free conditions; however, 

multiple attempts at removing the solvent and imaging at the solid-air interface resulted in highly 

unstable arrays. 
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Figure 5.9. STM images and proposed molecular model of Ga(OEP)(CCTh) with C60 multilayer 

arrays formed upon sequential deposition of porphyrin and fullerene on HOPG at the solid-liquid 

interface ([por] = 0.75 mM, [C60] = 3.0 mM, 1-phenyloctane). (A) shows small-scale detail of 

mis-alignment of the bottom and top layers: top layer unit cell shown in white, bottom layer unit 

cell shown in red; (B) show the porphyrin-ring character of the top layer; (C) shows 

characteristic straight edges observed in both monolayer and multilayer Ga(OEP)(CCTh); (D) 

shows the proposed molecular model of the “sandwich” multilayer structure. The cross-sectional 

profile is taken along the white line shown in the STM image (C). The images were acquired at 

(A): I = 8 pA, V = –850 mV; (B): I = 8 pA, V = –900 mV; (C): I = 8 pA, V = –700 mV. 
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Upon sequential deposition of C60 at concentrations lower than 3.0 mM, these multilayers are 

not observed. At a C60 concentration of 1.5 mM, we have observed the sporadic random 

incorporation of bright spots (Figure 5.10a and b), similar to observations in the analogous 

sequential deposition experiments with the Ga(OEP)(CCPyr) complexes and with 

Ga(OEP)(CCTh) deposited with PCBM. At even lower concentrations of C60 (0.5 mM), we 

observe little to no incorporation of the fullerene. A few bright features consistent in apparent 

height to incorporated fullerene (~2.0 Å) are observed within the lattice (Figure 5.10c). However, 

while multilayer formation has been observed across several trials at the 3.0 mM C60 

concentration, the observations at lower concentrations have yet to be successfully repeated, 

instead resulting in absence of C60 incorporation, or in removal of the monolayer. Such 

observations may be consistent with the hypothesis that the C60 has a higher affinity for the 

excess Ga(OEP)(CCTh) in solution than for the surface-assembled porphyrin. This would 

account for the little incorporation seen at lower concentrations and may account for the unusual 

behavior seen at high concentrations. Metalloporphyrins are known to have both solid-state and 

solution affinity for fullerenes,28-31 and it is likely that there is a complex balance of interactions 

occurring in our system. Subtle shifts in both 1H and 13C NMR spectra have been used to confirm 

complexation in porphyrin-fullerene host-guest systems,32, 33 and such studies could be 

considered in the future to gain a greater insight into the nature of the interactions in our 

Ga(OEP)(CCTh)∙C60 system.  
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Figure 5.10. STM images showing sequential deposition of Ga(OEP)(CCTh) and C60 at lower 

concentrations on HOPG at the solid-liquid interface ([por] = 0.75 mM, 1-phenyloctane). No 

multilayers are observed, while sporadic incorporation of fullerene may be observed. The cross-

sectional profile is taken along the white line shown in the STM image (C). The images were 

acquired at (A): I = 8 pA, V = –700 mV, [C60] = 1.5 mM; (B): I = 8 pA, V = –700 mV, [C60] = 

1.5 mM; (C): I = 10 pA, V = –900 mV, [C60] = 0.5 mM. 

As with the Ga(OEP)(CCPyr) complexes discussed in Chapter 4, we wanted to investigate 

the effects of depositing a pre-mixed solution of porphyrin and fullerene. When a solution of 

mixed Ga(OEP)(CCTh) and C60 in 1-phenyloctane was deposited on HOPG (after mixing: [por] 

= 0.38 mM, [C60] = 1.5 mM), arrays ~50–75 nm in width formed within minutes of deposition 

(Figure 5.11a). These arrays are qualitatively similar to those that are formed when 

Ga(OEP)(CCTh) is sequentially deposited with PCBM and those of the Ga(OEP)(CCPyr) 

complexes sequentially deposited with fullerenes. There is random incorporation of bright 

features (~1.8−2.0 Å in apparent height) across a patterned background (Figure 5.11b and c). 

This is a similar effect to that observed in one trial of sequentially deposited Ga(OEP)(CCTh) 
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with 1.5 mM C60, indicating the “all-in-one” deposition method may be successful for templating 

fullerenes in this system. 

   

   

Figure 5.11. STM images showing deposition of a pre-mixed solution of Ga(OEP)(CCTh) and 

C60 HOPG at the solid-liquid interface (equal volumes of 1-phenyloctane solutions mixed, [por] 

= 0.75 mM, [C60] = 3.0 mM). No multilayers are observed, while random incorporation of the 

fullerene is observed throughout the array. The cross-sectional profile is taken along the white 

line shown in the STM image (C). The images were acquired at (A): I = 8 pA, V = –500 mV; (B): 

I = 8 pA, V = –900 mV; (C): I = 8 pA, V = –1000 mV. 

5.3.3.2. Ga(OEP)(CCAnthr). The Ga(OEP)(CCAnthr) complex was deposited on HOPG 

from a 1-phenyloctane solution at a concentration of 0.25 mM due to the saturation concentration 

of the compound in 1-phenyloctane being lower than the 0.5 mM typically used for these 

complexes. Monolayers of the complex spanning greater than 100 nm × 100 nm were observed 

within minutes of deposition (Figure 5.12a) and the porphyrin macrocycle structure can be 

clearly imaged (Figure 5.12b). From this, we find that the lattice parameters are the expected 

pseudo-hexagonal OEP unit cell: a = 1.37 (0.03) nm, b = 1.37 (0.03) nm, Γ = 66 (2)°. However, 
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these monolayers are also often characterized by a very uneven appearance of the macroscale 

structure (Figure 5.12c), and poor resolution of the ligand axial features (Figure 5.12d). We 

tentatively suggest that this is due to a partial bilayer structure; such structures have been 

observed as both head-to-head and head-to-tail bilayers of five-coordinate phthalocyanines under 

UHV34 and the solid-liquid interface.35 The lower solubility of Ga(OEP)(CCAnthr) in 1-

phenyloctane, and the ability of anthracene ligands to π-stack with one-another might make a 

partial second layer formation favorable. This drastic unevenness is likely to make any resulting 

changes that might occur to the monolayer after addition of a fullerene solution difficult to 

resolve. 

     

  

Figure 5.12. STM images showing deposition of Ga(OEP)(CCAnthr) on HOPG at the solid-

liquid interface (0.25 mM, 1-phenyloctane). (A) and (C) show long-range ordering with (C) 

showing macroscale unevenness; (B) shows tunneling through the porphyrin macrocycle; (D) 

shows small-scale unevenness. The cross-sectional profile is taken along the white line shown in 

the STM image (D). The images were acquired at (A): I = 10 pA, V = –500 mV; (B): I = 8 pA, V 

= –700 mV; (C): I = 8 pA, V = –700 mV; (D): I = 8 pA, V = –500 mV. 
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Preliminary results of the sequential deposition of the Ga(OEP)(CCAnthr) complex followed 

by a 3.0 mM 1-phenyloctane solution of C60 were inconclusive. STM images following fullerene 

deposition were, as predicted, qualitatively similar to the porphyrin monolayer (Figure 5.13); an 

uneven macroscale structure with a resolved porphyrin macrocycle are observed. The inability to 

distinguish between the monolayer and a potentially successful fullerene incorporation indicate 

that this template is not a promising candidate for further study. As molecular models predict the 

fullerene van der Waals mid-point is well above the top of the ligand (Figure 5.3), any future 

work investigating this ligand could consider using the taller butadiynyl linker, C≡C−C≡C36 to 

test this hydrocarbon’s templating abilities at a predicted effective height. 

   

Figure 5.13. STM images showing sequential deposition of Ga(OEP)(CCAnthr) and C60 on 

HOPG at the solid-liquid interface ([por] = 0.25 mM, [C60] = 3.0 mM, 1-phenyloctane). (A) 

shows long-range ordering macroscale unevenness and exposed graphite; (B) shows tunneling 

through the porphyrin macrocycle. The images were acquired at (A): I = 8 pA, V = –700 mV; (B): 

I = 10 pA, V = –500 mV. 

5.3.3.3. Ga(OEP)(CCTrip). The Ga(OEP)(CCTrip) complex was deposited from a 0.5 mM 

1-phenyloctane solution onto HOPG and the resulting monolayer was imaged at the solid-liquid 

interface. The arrays are expansive, but show small amounts of exposed graphite and interfaces 

where arrays have grown together, an unusual observation for Ga(OEP)X monolayers (Figure 

5.14a and c). Notably, when imaged at a bias that allows for imaging of the ligand (Figure 5.14c) 

as opposed to the porphyrin macrocycle (Figure 5.14b), the apparent height is significantly 

A B 
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greater than other acetylide ligands (~2.8 Å compared to ~1.2 Å for the Ga(OEP)(CCPh) 

discussed in Chapter 2) although the predicted actual height is nearly identical. This measured 

apparent height is similar to the Ga(OEP)(CCFc) complex discussed in Chapter 3, a compound 

that contains an electroactive axial ligand. The predicted energy of the highest occupied 

molecular orbital of ligand parentage for the Ga(OEP)(CCTrip) is the most negative of the 

compounds studied here, at −6.41 eV, although we might expect a smaller HOMO-LUMO gap to 

result in greater electron tunneling. As expected, the monolayer exhibits the typical OEP pseudo-

hexagonal unit cell: a = 1.37 (0.03) nm, b = 1.36 (0.02) nm, Γ = 65 (3)°. 

   

   

Figure 5.14. STM images showing deposition of Ga(OEP)(CCTrip) on HOPG at the solid-liquid 

interface (0.5 mM, 1-phenyloctane). (A) shows long-range ordering with some exposed graphite 

where misaligned arrays are present; (B) shows tunneling through the porphyrin macrocycle; (C) 

tunneling through the axial ligand with some exposed graphite where misaligned arrays are 

present. The cross-sectional profile is taken along the white line shown in the STM image (C). 

The images were acquired at (A): I = 8 pA, V = –500 mV; (B): I = 8 pA, V = –600 mV; (C): I = 8 

pA, V = –500 mV. 
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The sequential deposition of Ga(OEP)(CCTrip) followed by a 3.0 mM C60 solution in 1-

phenyloctane resulted in observations that were inconclusive as to whether fullerene templating 

had occurred. While sporadic bright features appear across a patterned background (Figure 5.15a 

and b), the cross-sectional profiles are inconsistent with templated fullerenes observed in Chapter 

4, where the fullerene was much taller than the ligand; here, we see that the bright features have 

consistent apparent heights of ~1.5 Å, significantly shorter than even that of the 

Ga(OEP)(CCTrip) monolayer itself. To exclude the possibility that the propeller-like ligands 

were in a kinetically trapped state preventing fullerene incorporation, we also performed 

experiments where a pre-mixed solution of equal volumes of 1-phenyloctane solutions of the 

porphyrin and fullerene was deposited (after mixing: [por] = 0.25 mM, [C60] = 1.5 mM). This 

resulted in qualitatively similar images to the pristine monolayer (Figure 5.15c) with no evidence 

of fullerene incorporation. We conclude that this is not a promising template, likely due to a 

combination of steric and height factors. This hypothesis could in future be tested by 

synthesizing the extended butadiynyl-linked36 Ga(OEP)(C≡C−C≡CTrip) derivative. 
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Figure 5.15. STM images showing sequential (A and B) and pre-mixed (C) deposition of 

Ga(OEP)(CCTrip) and C60 on HOPG at the solid-liquid interface ([por] = 0.5 mM, [C60] = 3.0 

mM, 1-phenyloctane). (A) shows sporadic bright features on a patterned background after 

sequential deposition of porphyrin and C60; (B) shows this phenomenon in detail; (C) shows an 

array formed from the deposition of a 1:1 vol:vol mixture of porphyrin and C60. The cross-

sectional profile is taken along the white line shown in the STM image (B). The images were 

acquired at (A): I = 8 pA, V = –700 mV; (B): I = 8 pA, V = –700 mV; (C): I = 8 pA, V = –700 

mV. 

5.3.3.4. Ga(OEP)(O2CPyr). The Ga(OEP)(O2CPyr) complex was deposited on HOPG from 

a 0.5 mM 1-phenyloctane solution and was observed to form extensive arrays greater than 100 

nm × 100 nm within minutes of deposition (Figure 5.16a). The small 1-pyrenecarboxylic acid 

impurity noted above did not appear to have any effect on monolayer formation. As with other 

Ga(OEP)X complexes, the porphyrin macrocycle (Figure 5.16b) and the axial ligand (Figure 

5.16c) can be independently imaged. Cross-sectional profiles show that the apparent height is 

~1.2 Å, comparable to the Ga(OEP)(CCPyr) complexes studied in Chapter 4. As expected, this 
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complex assembles with standard pseudo-hexagonal OEP lattice parameters: a = 1.37 (0.02) nm, 

b = 1.36 (0.03) nm, Γ = 66 (2)°. 

   

   

Figure 5.16. STM images showing deposition of Ga(OEP)(O2CPyr) on HOPG at the solid-liquid 

interface (0.5 mM, 1-phenyloctane). (A) shows long-range ordering; (B) shows tunneling 

through the porphyrin macrocycle; (C) tunneling through the axial ligand. The cross-sectional 

profile is taken along the white line shown in the STM image (C). The images were acquired at 

(A): I = 8 pA, V = –600 mV; (B): I = 10 pA, V = –700 mV; (C): I = 12 pA, V = –400 mV. 

Upon sequential deposition of a 3.0 mM C60 solution in 1-phenyloctane, significant removal 

of the array was observed immediately after re-engaging the STM tip (Figure 5.17a). While 

small-scale images confirm by imaging through the macrocycle that the porphyrin monolayer 

remains somewhat intact (Figure 5.17b), these arrays are highly unstable and no fullerene 

incorporation has been observed. While these are preliminary results, the instability of the arrays 

after fullerene deposition indicates that the Ga(OEP)(O2CPyr) monolayer is also not a promising 

fullerene template. This removal of the complex may be a result of changing the effective 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 5 10

A
p
p
a
re

n
t 

H
e
ig

h
t 

(Å
)

Distance (nm)

A B 

C 



148 
 

concentration of porphyrin in solution or may be caused by an interaction with the fullerene; a 

more systematic study of deposition conditions would be required. 

   

Figure 5.17. STM images showing sequential deposition of Ga(OEP)(O2CPyr) and C60 on 

HOPG at the solid-liquid interface ([por] = 0.5 mM, [C60] = 3.0 mM, 1-phenyloctane). (A) shows 

wide-spread removal of the array shortly after fullerene deposition (B) shows tunneling through 

the porphyrin macrocycle. The images were acquired at (A): I = 8 pA, V = –800 mV; (B): I = 8 

pA, V = –600 mV. 

5.4. Conclusions 

We have synthesized a variety of new Ga(OEP)X complexes with the intention of exploring 

the properties that could affect templating fullerenes on the surface under ambient conditions. Of 

those explored in this chapter, only the Ga(OEP)(CCTh) monolayer resulted in a conclusively 

different structure before and after fullerene deposition. After sequential deposition of C60 at high 

concentrations, widespread multilayer formation was observed. This was tentatively assigned to 

C60 incorporated between two layers of porphyrins, although more advanced surface 

characterization techniques are needed to confirm this. When the fullerene PCBM was 

sequentially deposited on this monolayer, and when pre-mixed solutions of porphyrin and C60 

were deposited, more sporadic incorporation analogous to previous Ga(OEP)(CCPyr) studies 

was achieved. 

A B 
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In the case of Ga(OEP)(CCAnthr) complex, difficulties imaging the monolayer itself, due to 

macroscale unevenness, proved this to be an unsuitable template. Ga(OEP)(CCTrip) imaging 

studies following C60 deposition were inconclusive, but the initial results were not promising; it 

is believed that a combination of height and sterics may be a barrier. Future work could include 

extending these ligands farther above the surface using a C≡C–C≡C linker or attempting to use a 

PAH with predicted higher affinity for C60, such as chrysene, to potentially increase 

incorporation. It was hoped that changing the linker to the Ga(OEP)(O2CPyr) complex would 

provide a conformational degree of freedom that might increase C60 affinity in the intraligand 

cavity. However, widespread removal of the monolayer after fullerene deposition showed this to 

be an unsuitable template for immediate study. Future work might be done porphyrins beyond 

OEP that assemble in unit cells of other dimensions in order to potentially increase the ligand 

interaction with the fullerene and look towards the incorporation of further nanoparticles. 
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CHAPTER 6 

Supplementary Information 

6.1. Chapter 2 Supplementary Information 

6.1.1. General Procedures. Synthetic procedures were performed under a purified nitrogen 

atmosphere using standard Schlenk and glovebox techniques. Solvents (HPLC-grade, stored 

under nitrogen) were purified by passing them under nitrogen pressure through an anaerobic, 

stainless-steel system consisting of either two 4.5 in.  24 in. (1 gal) columns of activated A2 

alumina (THF) or one column of activated A2 alumina and one column of activated BASF R3-

11 catalyst (toluene, pentane).1 THF-d8 was stored over NaK (1:2) alloy, from which it was 

transferred under vacuum. C6D6 and CDCl3 were stored over 4Å molecular sieves under 

nitrogen. The compounds Ga(OEP)Cl2 and LiCCPh3 were synthesized according to standard 

procedures. Other chemicals were obtained from commercial sources and used as received. 1H, 

13C, and 19F NMR spectra were recorded at room temperature using a Bruker DMX 500 or DRX 

400 MHz NMR spectrometer. Chemical shifts were measured relative to solvent resonances (1H, 

13C)4 or CFCl3 (19F). Laser-desorption-ionization mass spectra were obtained using a Bruker 

UltrafleXtreme MALDI-TOF/TOF mass spectrometer on samples deposited without a matrix; 

the Bruker peptide calibration standard II (750–3150 Da) was used as the calibrant. Electronic-

absorption spectra were recorded in quartz cuvettes using a Cary 300 UV-visible 

spectrophotometer. Elemental analysis was performed by Robertson Microlit Laboratories 

(Ledgewood, NJ). 

6.1.2. Density Functional Theory (DFT) Calculations. Calculations were performed using 

Gaussian09.5 The minimum-energy structures of Ga(OEP)X complexes were determined in 

calculations without symmetry constraints (Table 2.1). No imaginary frequencies were obtained 

in subsequent vibrational calculations, confirming that the optimized structures reside at 
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potential-surface minima. A benchmarking study of common functionals (B3LYP, BP86, 

B3PW91, and B3P86) was performed in which calculated bond distances and angles of 

Ga(OEP)Cl were compared to those from the crystal structure;6 the hybrid density functional 

B3P867,8 provided the geometry in best agreement with experiment (Table 6.1). All calculations 

overestimated the Ga–N bond lengths by 0.02–0.03 Å, most likely due to intrinsic differences 

between calculated gas-phase equilibrium bond lengths and those determined via single-crystal 

X-ray diffraction methods. This interpretation is supported by the fact that the gas-phase 

structure of Sn(octamethylporphyrin) determined by electron diffraction9 exhibits Sn–N bond 

distances that are ca. 0.02 Å longer than those observed in the X-ray crystal structure of 

Sn(OEP).10 

Table 6.1. Dependence of Calculated Bond Distances (Å) and Angles (°) for Ga(OEP)Cl on 

Density Functional.a 

  density functional 

nuclei exptl.b B3P867, 8 B3LYP7, 11-13 BP868, 14 B3PW917, 14 

Ga–Cl 2.2397(13) 2.2356  2.2488  2.2509  2.2397  

Ga–N(1) 

Ga–N(2) 

Ga–N(3) 

Ga–N(4) 

2.033(4) 

2.030(4) 

2.038(4) 

2.037(4) 

2.057 

2.057 

2.057 

2.057 

2.065 

2.065 

2.065 

2.065 

2.077 

2.077 

2.077 

2.077 

2.062 

2.062 

2.062 

2.062 

N(1)–Ga–X 102.2(1) 102.6 102.6 102.8 102.6 

N(2)–Ga–X 100.9(1) 102.6 102.7 102.8 102.6 

N(3)–Ga–X 101.3(1) 102.6 102.7 102.9 102.7 

N(4)–Ga–X 100.8(1) 102.7 102.7 102.8 102.7 

a Calculations were carried out using the LANL2DZ effective core potential basis set for Ga15 

and the 6-31G* basis set for all other atoms. b Crystal structure.6 

 

For the final calculations on Ga(OEP)X compounds, the cc-pVTZ basis set16-18 was used for 

all atoms except iodine, for which the cc-pVTZ-PP basis set with corresponding effective core 
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potential (ECP) was used.19 For all complexes, the minimum-energy geometry is that in which 

the eight peripheral methyl groups lie on the opposite side of the OEP plane from the X ligand. 

Calculations were also performed on rotamers in which all eight peripheral methyl groups are 

oriented on the same side of the OEP plane as the X ligand; C4v symmetry was enforced for X = 

Cl, Br, I, while for X = CCPh, O3SCF3 the calculations were not symmetry restricted but 

converged in local minima. 

6.1.3. Scanning Tunneling Microscopy (STM) Sample Preparation. HOPG wafers (SPI-2 

grade, SPI Supplies) measuring 7 mm  7 mm  1 mm were mounted to 12 mm diameter metal 

specimen discs with colloidal silver paste (PELCO, Ted Pella, Inc.). The surface of the HOPG 

substrate was cleaved with adhesive tape immediately prior to dosing. Stock solutions in toluene 

at a concentration of 0.25 mM were prepared for each compound. Prior to each STM experiment, 

an appropriate volume of the toluene solution was reduced to dryness under vacuum and the 

material re-dissolved in 1-phenyloctane to give solutions of either 0.25 mM or 0.5 mM. One drop 

of a 1-phenyloctane solution of the porphyrin compound was deposited onto the surface. The 

complexes Ga(OEP)Cl, Ga(OEP)Br, Ga(OEP)I, and Ga(OEP)(CCPh) were studied at 

concentrations of both 0.25 mM and 0.5 mM; Ga(OEP)(O3SCF3) was studied only at 0.25 mM 

because it is not sufficiently soluble in 1-phenyloctane to form the higher-concentration solution. 

The concentration employed for Ni(OEP) was 0.5 mM. The tip was then directly engaged 

through the drop and the compound imaged at the solid–liquid interface. All compounds are 

stable in solution for the duration of the STM measurements; 1H-NMR spectra of the compounds 

in C6D6 solution under air show no changes over at least 3 days. 

6.1.4. Scanning Tunneling Microscopy (STM) Measurements. STM images were acquired 

using a Digital Instruments Nanoscope IIIa standalone STM. Tips were mechanically cut from 
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Pt0.8Ir0.2 wire (Goodfellow). All measurements were taken at room temperature in constant-

current mode. For each sample, an image of the underlying graphite surface was acquired. The 

data for the porphyrin overlayers were corrected post-acquisition for instrument drift in the SPIP 

software package20 using the graphite lattice parameters as a reference. Data analysis was 

performed using WSxM 5.0 software.21 Images were flattened and low-pass filtered, and 

sharpened by adjusting the contrast. Reported lattice parameters are averages of those 

determined from consecutive up- and down-scan images. For each of these images, the unit-cell 

distances were determined from the average distances of 100 sets of five consecutive porphyrin 

molecules (see Figure 6.1), and the unit-cell angle was the average of 40 measurements.  

 

  

Figure 6.1. STM image of Ga(OEP)Br with cross-sectional height profile. One unit cell 

measurement is given by d/4. 100 such measurements are recorded for an image and its 

consecutive up- or down-scan counterpart. The average of these is the reported unit cell distance.  

6.1.5. Synthesis and Characterization of Ga(OEP)X Compounds. 

Preparation of Ga(OEP)(O3SCF3). The preparation of this compound by a different route has 

been reported previously.22 Trimethylsilyl triflate (37.0 μL, 0.204 mmol) was added to a stirred, 

dark pink solution of Ga(OEP)Cl (0.050 g, 0.079 mmol) in toluene (20 mL) at room temperature. 

The reaction mixture was stirred for 24 h; the color of the solution was not observed to change. 

The volatile components were removed under vacuum, yielding a dark pink powder. The 1H 
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NMR spectrum of the crude product indicated the presence of unreacted Ga(OEP)Cl (< 2%), so 

the solid was dissolved in toluene (20 mL) and allowed to react with additional SiMe3(O3SCF3) 

(37.0 μL, 0.204 mmol) with stirring at room temperature for 24 h. The solvent was removed 

under vacuum to yield the product as a dark pink powder that was pure by 1H NMR spectroscopy 

(0.052 g, 88% yield). 1H NMR data recorded using CDCl3 as a solvent were in agreement with 

previously reported results.22 1H NMR (C6D6, 400.13 MHz; Figure 6.6): δ 10.44 (s, 4 H, meso 

H), 3.96 (complex m, 16 H, CH2CH3), 1.82 (t, 24 H, CH2CH3). 
19F NMR (C6D6, 470.59 MHz): δ 

-80.36 (s). LDI-TOF MS: m/z [M]+ = 750.239, predicted = 750.234; [M–O3SCF3]
+ = 601.291. 

UV-vis (toluene; Table 6.2 and Figure 6.9): 329, 379, 399, 496, 531, 569 nm.  

Preparation of Ga(OEP)Br. This compound has been previously reported, but synthetic 

details and characterization data were not provided.23 Bromotrimethylsilane (17.0 μL, 0.129 

mmol) was added to a stirred, dark pink solution of Ga(OEP)Cl (0.042 g, 0.066 mmol) in toluene 

(20 mL) at room temperature. The reaction mixture was observed to turn dark purple and cloudy 

within 2 h; after 24 h the volatile components were removed under vacuum to yield a dark pink 

powder. The 1H NMR spectrum of the crude product indicated the presence of unreacted 

Ga(OEP)Cl (< 5%), so the solid was dissolved in toluene (20 mL) and allowed to react with 

additional SiMe3Br (30.0 μL, 0.228 mmol) with stirring at room temperature for 24 h. The 

solvent was removed under vacuum to yield the product as a dark pink powder that was pure by 

1H NMR spectroscopy (0.034 g, 75% yield). 1H NMR (C6D6, 400.13 MHz, Figure 6.3): δ 10.41 

(s, 4 H, meso H), 3.96 (complex m, 16 H, CH2CH3), 1.82 (t, 24 H, CH2CH3). 
13C{1H} NMR 

(C6D6, 125.77 MHz, Figure 6.4): δ 146.62 (α), 142.74 (β), 97.60 (meso), 20.18 (CH2CH3), 18.60 

(CH2CH3). LDI-TOF MS: m/z [M]+ = 680.224, predicted = 680.201; [M–Br]+ = 601.299. UV-vis 



158 
 

(toluene; Table 6.2 and Figure 6.9): 340, 388, 409, 499, 538, 575 nm. Anal. Calcd. for 

C36H44N4GaBr: C, 63.36; H, 6.50; N, 8.21. Found: C, 63.38; H, 6.55; N, 8.08. 

Preparation of Ga(OEP)I. The preparation of this compound by a different synthetic route 

has been reported previously.2 Iodotrimethylsilane (50.0 μL, 0.351 mmol) was added to a stirred 

solution of Ga(OEP)Cl (0.045 g, 0.071 mmol) in toluene (20 mL) at room temperature. After 

several minutes, the dark pink solution was observed to have turned dark purple and cloudy. The 

reaction mixture was stirred for 24 h, after which the volatile components were removed under 

vacuum to yield a dark pink powder. The 1H NMR spectrum of the crude product indicated the 

presence of unreacted Ga(OEP)Cl (< 2%), so the solid was dissolved in toluene (20 mL) and 

allowed to react with additional SiMe3I (50.0 μL, 0.351 mmol) with stirring at room temperature 

for 24 h. The solvent was removed under vacuum to yield the product as a dark pink powder that 

was pure by 1H NMR spectroscopy (0.047 g, 91% yield). 1H NMR data recorded using CDCl3 as 

a solvent were in agreement with previously reported results.2 1H NMR (C6D6, 500.13 MHz, 

Figure 6.5): δ 10.44 (s, 4 H, meso H), 3.96 (complex m, 16 H, CH2CH3), 1.82 (t, 24 H, CH2CH3). 

LDI-TOF MS: m/z [M]+ = 728.127, predicted = 728.187; [M-I]+ = 601.376. UV-vis (toluene; 

Table 6.2 and Figure 6.9): 351, 396, 416, 501, 540, 577 nm. 

Preparation of Ga(OEP)(CCPh). NMR, IR, and electronic-absorption spectroscopic data 

have been reported for this compound,24, 25 but a detailed synthetic procedure has not been 

described. To a stirred solution of Ga(OEP)Cl (0.065 g, 0.102 mmol) in THF (25 mL) at room 

temperature was added a solution of LiCCPh (0.015 g 0.138 mmol) in THF (1 mL). The color of 

the reaction mixture changed immediately from dark pink to dark purple and a translucent white 

precipitate formed. After 2 h the volatile components were removed under vacuum, the 

remaining solid was extracted into toluene, and the solution was filtered through Celite. Removal 
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of the solvent under vacuum provided the product as a purple powder that was pure by 1H NMR 

spectroscopy (0.056 g, 0.079 mmol, 78% yield). 1H NMR (C6D6, 500.13 MHz, Figures 6.7): δ 

10.39 (s, 4 H, meso H), 6.00 (t, 1 H, p-C6H5), 5.81 (t, 2 H, m-C6H5), 5.32 (dd, 2 H, o-C6H5), 3.99 

(complex m, 16 H, CH2CH3), 1.84 (t, 24 H, CH2CH3). 
13C{1H} NMR (THF-d8, 125.76 MHz, 

Figure 6.8): δ 146.90 (α), 142.97 (β), 130.66 (o-C6H5), 126.96 (m-C6H5), 125.70 (p-C6H5), 

124.80 (ipso-C6H5), 97.39 (meso), 94.72 (GaCCPh), 20.31 (CH2CH3), 18.72 (CH2CH3), one 

GaCCPh resonance not observed. LDI-TOF MS: m/z [M]+ = 702.296, predicted = 702.321; [M–

CCPh]+ = 601.231. UV-vis (toluene; Table 6.2 and Figure 6.9): 340, 392, 413, 504, 543, 580 nm. 

The 1H NMR chemical shifts for samples prepared by this method differ from those reported 

previously by up to 0.5 ppm, and the electronic-absorption band maxima differ in wavelength by 

up to 10 nm (Table S2).24 That the present data are attributable to the compound is established by 

the LDI-TOF-MS data. 

 

Figure 6.2. 1H NMR spectrum of Ga(OEP)Cl in C6D6. 
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Figure 6.3. 1H NMR spectrum of Ga(OEP)Br in C6D6. 

 

Figure 6.4. 13C{1H} NMR spectrum of Ga(OEP)Br in C6D6. 
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Figure 6.5. 1H NMR spectrum of Ga(OEP)I in C6D6. 

 

Figure 6.6. 1H NMR spectrum of Ga(OEP)(O3SCF3) in C6D6. 
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Figure 6.7. 1H NMR spectrum of Ga(OEP)(CCPh) in C6D6. The bottom spectrum is an 

expansion of the top spectrum. 
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Figure 6.8. 13C{1H} NMR spectrum of Ga(OEP)(CCPh) in THF-d8. 
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Figure 6.9.  Electronic-absorption spectra of Ga(OEP)X complexes in toluene solution at room 

temperature. 
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Table 6.2. Electronic-Absorption Band Maxima (nm) and Relative Intensities of Ga(OEP)X 

Compounds in Toluene. 

X , nm (rel. int.) 

Cl 338 (5.5), 386 (11.3), 406 (100), 500 (0.6), 536 (3.7), 573 (5.9) 

 lit: 377, 400, 492, 530, 567 (benzene)24 

Br 340 (6.8), 388 (12.0), 409 (100), 499 (0.6), 538 (4.0), 575 (6.3) 

 lit: not reported 

I 351 (15.7), 396 (20.8), 416 (100), 501 (0.9), 540 (6.4), 577 (8.8) 

 lit: 377, 397, 489, 529, 567 (methanol)2 

O3SCF3 329 (4.1), 379 (11.5), 399 (100), 496 (0.5), 531 (3.4), 569 (7.0) 

 lit: 334, 385, 405, 492, 533, 572 (benzene)22 

CCPh 340 (7.6), 392 (11.9), 413 (100), 504 (0.5), 543 (4.3), 580 (5.0) 

 lit: 334, 402, 492, 532, 572 (benzene)24 

a Kadish, K. M.; Boisselier-Cocolios, B.; Coutsolelos, A.; Mitaine, P.; Guilard, R. Inorg. Chem. 

1985, 24, 4521–4528. b Coutsolelos, A.; Guilard, R.; Bayeul, D.; Lecomte, C. Polyhedron 1986, 

5, 1157–1164.  c  Boukhris, A.; Lecomte, C.; Coutsolelos, A.; Guilard, R. J. Organomet. Chem. 

1986, 303, 151–165.  
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Table 6.3. Out-of-Plane Displacements (Å) of Selected Ga(OEP)X Nuclei Calculated by Density 

Functional Theory. 

X;CH3  

orientationa 

Ga–C20N4 planeb Ga–N4 planec Ga–C20 planed N4–C20 planee 

Cl; CH3 away 0.473 0.445 0.479 0.034 

Cl; CH3 toward 0.493 0.440 0.504 0.064 

Cl, difference 0.020 –0.005 0.025 0.030 

Br, CH3 away 0.472 0.446 0.477 0.030 

Br, CH3 toward 0.491 0.442 0.501 0.059 

Br, difference 0.019 –0.004 0.024 0.029 

I; CH3 away 0.474 0.452 0.478 0.026 

I; CH3 toward 0.483 0.447 0.490 0.043 

I, difference 0.009 –0.005 0.012 0.017 

CCPh; CH3 away 0.536 0.495 0.544 0.048 

CCPh: CH3 toward 0.564 0.494 0.578 0.083 

CCPh, difference 0.028 –0.001 0.034 0.035 

OTf; CH3 away 0.349 0.336 0.352 0.017 

OTf; CH3 toward 0.382 0.340 0.389 0.049 

OTf, difference 0.033 0.004 0.037 0.032 

a CH3 orientation: “away” = opposite side of OEP plane from X; “toward” = same side of OEP 

plan as X. b Distance between Ga and the least-squares plane of the OEP C20N4 macrocycle.  c 

Distance between Ga and the least-squares plane defined by the four N atoms.  d Distance 

between Ga and the least-squares plane defined by the OEP C20 ring.  e Average distance 

between the four N atoms and the least-squares plane defined by the OEP C20 ring. 

6.2. Chapter 3 Supplementary Information 

6.2.1. General Procedures. The general methods can be found in Section 6.1.1 with the 

following adaptations. All syntheses were performed using standard Schlenk and glovebox 

techniques with the exception of Ga(OEP)(OH). The axial ligand 5-(4-ethynylphenyl)-10,15,20-

triphenylporphyrinatozinc(II) (HCCZnTPP) was prepared by former lab member Nathan La 

Porte by a one-pot preparation of the 5-[4-(3-methyl-3-hydroxy-1-butyn-1-yl)phenyl]-10,15,20-

triphenylporphyrin precursor, followed by metalation and deprotection.26  
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6.2.2. Density Functional Theory (DFT) Calculations. Density functional theory 

calculations were performed as described in Section 6.1.2. The B3P86 functional7, 8 was used for 

all calculations. For gas-phase optimized geometries of Ga(OEP)(OH), Ga(OEP)(CCFc), and 

Ga(OEP)(O2CFc), the cc-pVTZ basis set16, 18, 27 was employed for all atoms. For the 

Ga(OEP)(CCZnTPP) gas-phase optimized structure, and for structures optimized in local 

minima with the ethyl chains rotated toward the axial ligand, the 6-31G* (H, C, N, O) and 

LANL2DZ effective core potential basis sets15, 28 (Ga, Fe, Zn) were employed. Molecular models 

were constructed using the Materials Studio software.29 

6.2.3. Scanning Tunneling Microscopy (STM) Sample Preparation. STM samples were 

prepared as described is Section 6.1.3. Samples of Ga(OEP)(OH), Ga(OEP)(CCFc), and 

Ga(OEP)(O2CFc) in 1-phenyloctane were studied at a concentration of 0.5 mM and 

Ga(OEP)(CCZnTPP) was prepared to give an effective concentration of ~0.5 mM of the target 

porphyrin in solution, based on approximation of its purity from 1H NMR integration. Post-

deposition modification experiments were performed by depositing a drop of 0.5 mM 

Ga(OEP)(OH) 1-phenyloctane solution and imaging at the solid-liquid interface. The STM tip 

was disengaged, and one drop of approximately the same volume of a 0.5 mM solution of 

ferrocenecarboxylic acid in 1-phenyloctane was added. The tip was re-engaged and the resulting 

assembly imaged. 

6.2.4. Scanning Tunneling Microscopy (STM) Measurements. STM measurements were 

carried out as described in Section 6.1.4. 

6.2.5. Synthesis and Characterization of Ga(OEP)L Complexes.  

Preparation of lithium ethynylferrocene. This procedure is a modification of one 

previously reported.30 To a stirred, bright orange solution of ethynylferrocene (0.151 g, 0.719 
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mmol) in pentane (10 mL) at room temperature was added a solution of nBuLi (600 μL, 1.6 M in 

hexanes, 0.960 mmol). A yellow-orange precipitate formed immediately. After 2 hr the 

suspension was filtered and the solid washed several times with pentane to give the product as 

yellow-orange solid (0.118 g, 0.546 mmol, 76% yield). 

Preparation of Ga(OEP)(CCFc). To a stirred solution of Ga(OEP)Cl (0.048 g, 0.075 mmol) 

in THF (30 mL) at –78 °C was added a solution of lithium ethynylferrocene (0.053 g, 0.245 

mmol) in THF (4 mL). The reaction mixture was allowed to warm slowly to room temperature, 

during which time the color changed from dark pink to very dark purple. After 4 h the volatile 

components were removed under vacuum, the remaining solid was extracted into toluene, and 

the solution was filtered through Celite. Removal of the solvent under vacuum provided a dark 

purple solid that was then washed multiple times with pentane to give a dark pink powder (0.026 

g, 0.032 mmol, 43% yield). 1H NMR (CD2Cl2, 500.13 MHz; see Figure 6.10): δ 10.39 (s, 4 H, 

meso H), 4.24 (complex m, 16 H, CH2CH3), 3.29 (t, 2 H, Fc H), 3.04 (s, 5 H, Fc H), 2.64 (t, 2 H, 

Fc H), 2.02 (t, 24 H, CH2CH3). 
13C{1H} NMR (CD2Cl2, 125.76 MHz; see Figure 6.11): δ 146.53 

(α), 143.21 (β), 100.51 (C≡C), 97.34 (meso), 93.17 (C≡C), 70.14 (Fc), 69.68 (Fc), 67.14 (Fc), 

65.57 (Fc), 20.29 (CH2CH3), 18.89 (CH2CH3). LDI-TOF MS: m/z [M]+ = 810.335, predicted = 

810.288. UV-vis (toluene; λmax, nm (rel. int.); see Figure 6.15): 341 (7.8), 392 (12.0), 414 (100), 

504 (0.8), 543 (4.4), 580 (5.1). 

Preparation of Ga(OEP)(CCZnTPP). To a stirred solution of ZnTPPCCH (0.050 g, 0.071 

mmol) at –78 °C in THF (20 mL) was added a lithium bis(trimethylsilyl)amide solution (1 M in 

toluene, 64 μL, 0.064 mmol). Upon addition, the dark purple solution turned a dark blue color. 

The solution was then slowly warmed to room temperature, changing to a dark green color as it 

warmed. After 4 h, a solution of Ga(OEP)Cl (0.041 g, 0.064 mmol) in THF (25 mL) was added, 
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and the reaction mixture stirred at room temperature for an additional 2 h, resulting in a dark 

purple solution. The solvent was removed in vacuo, resulting in a dark purple powder. Multiple 

pentane washes resulted in a sample that contained the target compound together with significant 

HCCZnTPP and Ga(OEP)Cl impurities as a dark pink powder (crude yield: 15 mg). 1H NMR 

(C6D6, 500.13 MHz; see Figure 6.12): δ 10.52 (s, 4 H, meso H), 8.93 (m, 4 H, β H), 8.68 (d, 2 H,  

β H), 8.18 (d, 2 H,  β H), 8.16 (m, 2 H, TPP Ph H), 8.07 (m, 4 H, TPP Ph H), 7.44 (complex m, 9 

H, TPP Ph H), 6.86 (d, 2 H, Ga CC-m-C6H4), 5.63 (d, 2 H, GaCC-o-C6H4), 4.07 (complex m, 16 

H, CH2CH3), 1.91 (t, 24 H, CH2CH3). 

Preparation of Ga(OEP)(OH). This procedure is a modified version of one previously 

reported.31 To a stirred solution of Ga(OEP)Cl (0.047 g, 0.074 mmol) in dichloromethane (15 

mL) at room temperature was added an aqueous solution of NaOH (2M, 20 mL). The suspension 

was stirred vigorously at room temperature for 2 h. The dark pink suspension was not observed 

to change color during this time. The organic phase was collected, washed with water (3 × 30 

mL), and dried over MgSO4. The solvent was removed by rotary evaporation to give the product 

as a dark pink powder (0.044 g, 0.071 mmol, 96% yield). Small amounts (< 2%) of porphyrinic 

impurities were observed in the 1H NMR spectrum and attempts to remove these have been 

unsuccessful at this time. 1H NMR (C6D6, 500.13 MHz; see Figure 6.13): δ 10.37 (s, 4 H, meso 

H), 3.98 (complex m, 16 H, CH2CH3), 1.85 (t, 24 H, CH2CH3), -6.82 (s, 1H, OH). 

Preparation of Ga(OEP)(O2CFc). This procedure is a modification of similar procedures 

used previously in our lab for the synthesis of Ga(TC10P)(O2CR) complexes.32 To a stirred 

solution of Ga(OEP)(OH) (0.044 g, 0.071 mmol) in THF (20 mL) at room temperature was 

added a solution of ferrocene carboxylic acid (0.018 mg, 0.078 mmol) in THF (5 mL). The 

solution was stirred at room temperature for 2 h, during which the color of the dark pink solution 
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was observed to darken slightly. The solvent was removed under vacuum, yielding the crude 

product as a dark pink powder (0.044 mg). The 1H NMR showed unreacted ferrocene carboxylic 

acid present in the sample (δ 4.86 (t, 2 H), 4.00 (t, 2 H), 3.96 (s, 5 H) in C6D6), and a small 

amount (< 2%) of porphyrinic impurity. Attempts to remove these have been unsuccessful at this 

time. 1H NMR (C6D6, 500.13 MHz): δ 10.50 (s, 4 H, meso H), 4.02 (complex m, 16 H, CH2CH3), 

2.84, (t, 2 H, Fc), 2.73, (s, 5 H, Fc), 2.62, (t, 2 H, Fc), 1.88 (t, 24 H, CH2CH3). 
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Figure 6.10. 1H NMR spectrum of Ga(OEP)(CCFc) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum. 
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Figure 6.11. 13C{1H} NMR spectrum of Ga(OEP)(CCFc) in CD2Cl2.  
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Figure 6.12. 1H NMR spectrum of Ga(OEP)(CCZnTPP) in C6D6. The later spectra are 

expansions of the first spectrum. Resonances marked with an * have not been assigned at this 

time. 
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Figure 6.12 (cont.). 1H NMR spectrum of Ga(OEP)(CCZnTPP) in C6D6. The latter spectra are 

expansions of the first spectrum. Resonances marked with an * have not been assigned at this 

time. 



175 
 

 
 

 
Figure 6.13. 1H NMR spectrum of Ga(OEP)(OH) in C6D6. The bottom spectrum is an expansion 

of the first spectrum.  
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Figure 6.14. 1H NMR spectrum of Ga(OEP)(O2CFc) in C6D6. The latter spectra are expansions 

of the first spectrum.  
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Figure 6.14 (cont.).1H NMR spectrum of Ga(OEP)(O2CFc) in C6D6. The latter spectra are 

expansions of the first spectrum.  

 

 

Figure 6.15. Electronic-absorption spectrum of Ga(OEP)(CCFc) in toluene at room temperature. 
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6.3 Chapter 4 Supplementary Information 

6.3.1. General Procedures. The general methods can be found in Section 6.1.1 with the 

following adaptations. Prior to use, commercial 1-bromopyrene and pyrene were purified by 

passing them through a silica gel column using hexane as the eluent. Triethylamine was refluxed 

overnight over calcium hydride, distilled, and sparged with nitrogen prior to use. Hexane and 

CD2Cl2 were stored over 3Å molecular sieves under nitrogen. Except where noted, all syntheses 

were performed under a purified nitrogen atmosphere using standard Schlenk and glovebox 

techniques.  

6.3.2. Density Functional Theory (DFT) Calculations. Density functional theory 

calculations were performed as described in Section 6.1.2. The B3P86 functional7, 8 was used for 

all calculations. For gas-phase optimized geometries of Ga(OEP)(CCPyr) complexes, 

Ga(OEP)(CCH), and ethynylpyrene ligands, the cc-pVTZ basis set16, 18, 27 was employed for all 

atoms. For structures optimized in local minima with the ethyl chains rotated toward the axial 

ligand, the 6-31G* (H, C, N) and LANL2DZ effective core potential basis sets15, 28 (Ga) were 

employed. Orbital energies were determined by running single-point calculations with keyword 

pop=full on optimized structures. Molecular models were built using the Materials Studio 

software.29 Molecular orbital images were generated using the Avogadro software33, 34 

(isosurface value = 0.02) (see Figure 6.16 and 6.17). 
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Figure 6.16. Calculated frontier orbital energies and isosurfaces of Ga(OEP)(CCH), 

Ga(OEP)(CC-1-Pyr), and 1-ethynylpyrene (isosurface value = 0.02). 
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Figure 6.17. Calculated frontier orbital energies and isosurfaces of Ga(OEP)(CCH), 

Ga(OEP)(CC-2-Pyr), and 2-ethynylpyrene (isosurface value = 0.02). 
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6.3.3. Scanning Tunneling Microscopy (STM) Sample Preparation. STM samples were 

prepared as described in Section 6.1.3 with the following adaptations. One drop of a 1-

phenyloctane solution of the porphyrin compound (0.5 mM) was deposited onto the surface. The 

STM tip was then directly engaged through the drop and the monolayer imaged at the solid–

liquid interface. In experiments in which fullerenes were added to preformed porphyrin 

monolayers, the STM tip was then disengaged, one drop of a solution of the fullerene in 1-

phenyloctane (PCBM, 3.0 mM; C60, 0.05–3.0 mM) was added to the drop of porphyrin solution 

on the surface, the tip was re-engaged, and the resulting sample was imaged. For experiments in 

which porphyrin compounds and C60 were co-deposited on HOPG, the measurement protocol 

was the same as that above for the porphyrin monolayers but used a 1-phenyloctane solution 

containing equal volumes of both porphyrin (0.5 mM) and C60 (3.0 mM). 

6.3.4. Scanning Tunneling Microscopy (STM) Analysis. STM data analysis was carried 

out as described in Section 6.1.4 with the following adaptations. For porphyrin monolayers and 

for the underlying porphyrin layers in porphyrin/fullerene assemblies, the unit-cell distances 

were determined from the average distances measured of 100 sets of five consecutive porphyrin 

molecules; for fullerene overlayers, the average of fifty distances was taken. The unit-cell angles 

were the average of 40 measurements. 

6.3.5. Synthesis and Characterization.  

Preparation of 1-(trimethylsilylethynyl)pyrene. This procedure is a modification of one 

previously reported.35 Trimethylsilylacetylene (1.5 mL, 10.613 mmol) was added to a stirred, 

room temperature solution of 1-bromopyrene (0.336 g, 1.195 mmol), Pd(PPh3)2Cl2 (0.052 g, 

0.074 mmol), and CuI (0.028 g, 0.147 mmol) in triethylamine (30 mL). Upon mixing at room 

temperature, the color of the reaction mixture changed from yellow to dark green to dark brown 
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over several minutes. The reaction mixture was heated at 70 °C for 64 h, cooled to room 

temperature, opened to air, and reduced to dryness using a rotary evaporator to give a dark brown 

solid. This solid was purified on a silica gel column with hexanes as the eluent; removal of 

solvent provided the product as a pale yellow solid (0.191 g, 0.640 mmol, 54% yield). The 1H 

NMR data agree with those reported in the literature.35 1H NMR (CDCl3, 500.13 MHz): δ 8.57 (d, 

1 H), 8.13 (complex m, 8 H), 0.40 (s, 9 H). 

Preparation of 1-ethynylpyrene. This procedure is a modification of one previously 

reported.36 A solution of 1-(trimethysilylethynyl)pyrene (0.191 g, 0.640 mmol) and 

(NnBu4)F•xH2O (0.300 g, 1.147 mmol) in THF (15 mL) open to air was stirred at room 

temperature for 2 h, giving a clear, dark brown solution. The solvent was removed using a rotary 

evaporator, leaving a thick, viscous brown oil. The soluble components were extracted into 

hexanes and purified on a silica gel column using hexanes as the eluent; removal of solvent 

provided the product as a white powder (0.041 g, 0.181 mmol, 28% yield) The 1H NMR data 

agree with those reported in the literature.35 1H NMR (CDCl3, 500.13 MHz): δ 8.60 (d, 1 H), 

8.21 (complex m, 4 H), 8.12 (d, 2H), 8.05 (m, 2 H), 3.63 (s, 1 H). 

Preparation of 1-(LiCC)pyrene. To a stirred solution of 1-ethynylpyrene (0.041 g, 0.181 

mmol) in diethylether (10 mL) at room temperature was added a solution of nBuLi (160 μL, 1.6 

M in hexanes, 0.256 mmol). After 30 min the solvent was removed in vacuo, and the remaining 

solid was suspended in pentane, filtered, and washed several times with pentane to give the 

product as a yellow-brown solid (0.032 g, 0.138 mmol, 76% yield).  

Preparation of Ga(OEP)(CC-1-pyrene). To a stirred solution of Ga(OEP)Cl (0.050 g, 

0.078 mmol) in THF (25 mL) at –78 °C was added a solution of 1-(LiCC)pyrene (0.032 g, 0.138 

mmol) in THF (3 mL). The reaction mixture was allowed to warm to room temperature, during 
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which time the color changed slowly from dark pink to dark purple. After 2 h, the volatile 

components were removed under vacuum, the remaining solid was extracted into toluene, and 

the solution was filtered through Celite. Removal of the solvent under vacuum provided a purple 

powder that was then washed with hexanes (0.049 g, 0.059 mmol, 76% yield). 1H NMR 

(CD2Cl2, 500.13 MHz; see Figure 6.18): δ 10.45 (s, 4 H, meso H), 8.03 (dd, 1 H, pyrenyl H), 

7.92 (d, 1H, pyrenyl H), 7.85 (t, 1 H, pyrenyl H), 7.69 (d, 1 H, pyrenyl H), 7.58 (d, 1 H, pyrenyl 

H),  7.50 (d, 1 H, pyrenyl H), 7.18 (d, 1 H, pyrenyl H), 6.13 (d, 1 H, pyrenyl H), 5.26 (d, 1 H, 

pyrenyl H), 4.27 (complex m, 16 H, CH2CH3), 2.01 (t, 24 H, CH2CH3). 
13C{1H} NMR (CD2Cl2, 

125.76 MHz; see Figure 6.19): δ 143.29 (α), 138.38 (β), 131.24 (pyrene), 130.97 (pyrene), 

130.96 (pyrene), 129.67 (pyrene), 127.53 (pyrene), 127.15 (pyrene), 127.10 (pyrene), 126.96 

(pyrene), 126.11 (pyrene), 125.10 (pyrene), 125.06 (pyrene), 125.02 (pyrene), 123.97 (pyrene), 

123.67 (pyrene), 123.66 (pyrene), 118.17 (pyrene), 97.49 (meso), 94.43 (C≡C), 20.34 (CH2CH3), 

18.86  (CH2CH3); one C≡C resonance not observed. LDI-TOF MS: m/z [M]+ = 826.393, 

predicted = 826.353. UV-vis (toluene; λmax, nm (rel. int.); see Figure 6.22): 338(sh) (0.13), 350 

(0.16), 363 (0.15), 369 (0.16), 393 (0.16), 413 (1.00), 542 (0.05), 579 (0.06). 

Preparation of 2-(Bpin)pyrene. This procedure is a modification of one previously 

reported.37 To a Schlenk flask containing bis(pinacolato)diboron (B2pin2, 2.793 g, 11.00 mmol) 

and pyrene (1.999 g, 9.884 mmol), a yellow suspension (hexane, 6 mL) of B2pin2 (0.103 g, 0.406 

mmol), 4,4’-di-tertbutyl-2,2’-bipyridine (0.049 g, 0.183 mmol), and [Ir(μ-OMe)cod]2 (0.060 g, 

0.091 mmol) was added, turning the resulting suspension dark brown. An additional 10 mL of 

hexane was added, and the flask was sealed. The contents were heated and stirred at 80 °C for 20 

h; during this time, all solids slowly dissolved, followed by the formation of a tan precipitate. 

The reaction mixture was cooled to room temperature and opened to air. The mixture was 
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filtered through a silica gel plug that was subsequently washed with dichloromethane, resulting 

in a clear yellow filtrate. The solvent was removed from the filtrate using a rotary evaporator to 

give the crude product as a pale yellow powder. The crude material was purified by column 

chromatography (silica gel, hexane/dichloromethane 1:1) and recrystallization from hexane to 

afford the product as a white crystalline material (0.502 g, 1.534 mmol, 16% yield). The 1H 

NMR data agree with those reported in the literature. 1H NMR (CDCl3, 500.13 MHz): δ 8.64 (s, 

2 H), 8.17 (d, 2 H), 8.11 (d, 2H), 8.06 (d, 2 H), 8.02 (t, 1 H), 1.47 (s, 12 H). 

Preparation of 2-Bromopyrene. This procedure is a modification of one previously 

reported.37 To a round-bottomed flask open to air containing 2-(bpin)pyrene (0.502 g, 1.534 

mmol), a turquoise solution of CuBr2 (1.029 g, 4.609 mmol) in methanol/water (1:1, 35 mL) was 

added. The suspension (containing white suspended solid) was stirred at 90 °C for 18 h, during 

which the solution phase turned pale green and noticeably more white precipitate formed. The 

suspension was cooled to room temperature and H2O (50 mL) was added, inducing precipitation 

of more white material. The suspension was filtered through a Büchner funnel and washed with 

H2O (5 × 25 mL) to give a clear blue filtrate and the crude product as an olive green solid. The 

crude material was purified by dissolving in hot hexane and stirring with activated charcoal, 

followed by filtration to remove the charcoal and subsequent recrystallization of the product 

from hexane. This afforded the product as white, needle-like crystals (0.204 g, 0.729 mmol, 48% 

yield). The 1H NMR data agree with those reported in the literature.37 1H NMR (CDCl3, 500.13 

MHz): δ 8.29 (s, 2 H), 8.21 (d, 2 H), 8.11 (d, 2H), 8.03 (t, 1 H), 7.99 (d, 2 H). 

Preparation of 2-(trimethysilylethynyl)pyrene. Several syntheses of this compound have 

been reported;37-39 the following is a different route adapted from the synthesis of 2,7-

bis(trimethylsilylethynyl)pyrene.37 Triethylamine (20 mL) was added via cannula to a stirred, 
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room temperature suspension of 2-bromopyrene (0.204 g, 0.729 mmol), Pd(dppf)Cl2 (0.029 g, 

0.040 mmol; dppf = 1,1-bis(diphenylphosphino)ferrocene), and CuI (0.010 g, 0.053 mmol) in 

THF (10 mL). The color of the reaction mixture changed from orange to light brown over several 

minutes. Trimethylsilylacetylene (0.2 mL, 1.444 mmol) was added, and the reaction mixture was 

heated at 80 °C for 20 h, during which the mixture turned dark brown. The reaction mixture was 

cooled to room temperature, opened to air, and reduced to dryness in vacuo to give a dark brown 

residue. This material was purified on a short silica gel column with hexanes/diethyl ether (3:2) 

as the eluent; removal of solvent provided the crude product as a dark yellow solid. The product 

was further recrystallized from hexane to afford the pure product as a pale yellow solid (0.088 g, 

0.295 mmol, 41% yield). The 1H NMR data agree with those reported in the literature.37  

Preparation of 2-ethynylpyrene. This procedure is a modification of a literature 

procedure.37 A pale yellow suspension of 2-(trimethysilylethynyl)pyrene (0.088 g, 0.295mmol) 

and Na2CO3 (0.124 g, 1.170 mmol) in MeOH/H2O (30 mL/3 mL) was stirred at room 

temperature open to air for 20 hr. To this suspension, H2O (10 mL) was added, immediately 

precipitating an off-white solid. The suspension was concentrated by rotary evaporation and 

extracted with diethyl ether (3 × 50 mL). The clear yellow organic layer was dried with MgSO4 

and dried via rotary evaporation to give the crude product as a pale yellow solid. This solid was 

passed through a silica plug with hexanes/Et2O (4:1) as the eluent, and the filtrate was 

evaporated to yield the product as a pale yellow solid (0.055 g, 0.243 mmol, 83% yield). Note 

that the product becomes discolored within a day after deprotection and should be used 

immediately. The 1H NMR data agree with those reported in the literature.37 1H NMR (CDCl3, 

500.13 MHz): δ 8.30 (s, 2 H), 8.20 (d, 2 H), 8.07 (d, 2H), 8.03 (m, 3 H), 3.25 (s, 1 H). 
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Preparation of 2-(LiCC)pyrene. To a stirred, pale yellow solution of 2-ethynylpyrene 

(0.055 g, 0.243 mmol) in a mixture of pentane (15 mL) and diethylether (3 mL) at room 

temperature was added a solution of nBuLi (200 μL, 1.6 M in hexanes, 0.320 mmol). A white 

precipitate formed immediately. After 30 min the suspension was filtered and the solid washed 

several times with pentane to give the product as an off-white solid (0.030 g, 0.129 mmol, 53% 

yield). 

Preparation of Ga(OEP)(CC-2-pyrene). To a stirred solution of Ga(OEP)Cl (0.053 g, 

0.083 mmol) in THF (25 mL) at –78 °C was added a dark yellow solution of 2-(LiCC)pyrene 

(0.030 g, 0.129 mmol) in THF (3 mL). The reaction mixture was allowed to warm to room 

temperature, during which time the color changed slowly from dark pink to dark purple. After 2 

h, the volatile components were removed under vacuum, the remaining solid was extracted into 

toluene, and the solution was filtered through Celite. Removal of the solvent from the filtrate 

under vacuum provided a purple powder that was then recrystallized at –30 °C from a toluene 

solution layered with hexane. This yielded the product as a dark purple solid (0.046 g, 0.056 

mmol, 67% yield). 1H NMR (CD2Cl2, 500.13 MHz, see Figure 6.20): δ 10.42 (s, 4 H, meso H), 

7.80 (d, 2 H, pyrenyl H), 7.68 (t, 1H, pyrenyl H), 7.57 (d, 2 H, pyrenyl H), 7.21 (d, 2 H, pyrenyl 

H), 6.22 (s, 2 H, pyrenyl H),   4.26 (complex m, 16 H, CH2CH3), 2.02 (t, 24 H, CH2CH3). 
13C{1H} 

NMR (CD2Cl2, 125.76 MHz; see Figure 6.21): δ 146.61 (α), 143.21 (β), 130.91 (pyrene), 130.08 

(pyrene), 127.35 (pyrene), 126.82 (pyrene), 126.54 (pyrene), 125.98 (pyrene), 125.02 (pyrene), 

124.07 (pyrene), 122.81 (pyrene), 120.74 (pyrene), 97.48 (meso), 95.66 (C≡C), 20.32 (CH2CH3), 

18.81 (CH2CH3); one C≡C resonance not observed. LDI-TOF MS: m/z [M]+ = 826.365, 

predicted = 826.353. UV-vis (toluene; λmax, nm (rel. int.); see Figure 6.22): 315 (sh) (5.8), 325 

(10.7), 340 (16.8), 392 (11.7), 413 (100), 504 (0.6), 542 (4.2), 579 (5.0). 
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Figure 6.18. 1H NMR spectrum of Ga(OEP)(CC-1-Pyr) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum. 
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Figure 6.19. 13C{1H} NMR spectrum of Ga(OEP)(CC-1-Pyr) in CD2Cl2. The bottom spectrum is 

an expansion of the top spectrum. 
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Figure 6.20. 1H NMR spectrum of Ga(OEP)(CC-2-Pyr) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum.  
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Figure 6.21. 13C{1H} NMR spectrum of Ga(OEP)(CC-2-Pyr) in CD2Cl2. The bottom spectrum is 

an expansion of the top spectrum. 



191 
 

 

 

 

Figure 6.22. Electronic absorption spectra of Ga(OEP)(CCPyr) complexes and 1-ethynylpyrene 

precursor in toluene solutions. Dashed lines are 1 mm path length data and solid lines are 1 cm 

path length data. 
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6.4. Chapter 5 Supplementary Information 

6.4.1. General Procedures. The general methods can be found in Section 6.1.1 with the 

following adaptations. Prior to use, commercial 9-bromoanthracene was purified by column 

chromatography (silica gel, hexanes) and commercial 1-pyrenecarboxylic acid was purified by 

column chromatography (silica gel, 5:1 ethyl acetate:acetonitrile followed by THF). 

Triethylamine was refluxed overnight over calcium hydride, distilled, and sparged with nitrogen 

prior to use. DME and CD2Cl2 were stored over 3Å molecular sieves under nitrogen. Except 

where noted, all syntheses were performed under a purified nitrogen atmosphere using standard 

Schlenk and glovebox techniques.  

6.4.2. Density Functional Theory (DFT) Calculations. Density functional theory 

calculations were performed as described in Section 6.1.2. The B3P86 functional7, 8 was used for 

all calculations. For gas-phase optimized geometries, the cc-pVTZ basis set16, 18, 27 was employed 

for all atoms. For structures optimized in local minima with the ethyl chains rotated toward the 

axial ligand, the 6-31G* (H, C, N, O, S) and LANL2DZ effective core potential basis sets15, 28 

(Ga) were employed. Orbital energies were determined by running single-point calculations with 

keyword pop=full on optimized structures. Molecular models were built using the Materials 

Studio software.29 Molecular orbital images were generated using the Avogadro software33, 40 

(isosurface value = 0.02). 

6.4.3. Scanning Tunneling Microscopy (STM) Sample Preparation. STM samples were 

prepared as described in Section 6.3.3, with the following adaptations. The porphyrin complexes 

were studied at a concentration of 0.5 mM with the exception of Ga(OEP)(CCAnthr), whose 

saturation solubility in 1-phenyloctane is below this, and was therefore studied at 0.25 mM, and 

Ga(OEP)(CCTh) which was primarily studied at 0.75 mM. 
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6.4.4. Scanning Tunneling Microscopy (STM) Analysis. STM analysis was carried out as 

described in Section 6.3.4. 

6.4.5. Synthesis and Characterization.  

Preparation of LiCC-3-thiophene. This procedure was first reported in our lab by Mollye 

Levin41 and was repeated as described below. To a stirred, clear yellow solution of 3-

ethynylthiophene (100 μL, 1.015 mmol) in pentane (10 mL) at room temperature was added a 

solution of nBuLi (300 μL, 2.5 M in hexanes, 0.750 mmol), immediately forming a yellow 

precipitate. After 0.5 hr, the suspension was filtered and washed several times with pentane to 

give the product as a dark yellow solid (0.028 g, 0.245 mmol, 33% yield). 

Preparation of Ga(OEP)(CC-3-thiophene). This compound was first prepared by Mollye 

Levin;41 the procedure was repeated and characterization data collected as reported below. To a 

stirred solution of Ga(OEP)Cl (0.050 g, 0.078 mmol) in THF (40 mL) at –78 °C was added a 

dark yellow solution of LiCC-3-thiophene (0.028 g, 0.245 mmol) in THF (6 mL). The reaction 

mixture was allowed to warm to room temperature, during which time the color changed slowly 

from dark pink to dark red-purple. After 2 h the volatile components were removed under 

vacuum, the remaining solid was extracted into toluene, and the solution was filtered through 

Celite. Removal of the solvent under vacuum provided the product as a dark pink solid (0.038 g, 

0.054 mmol, 69% yield). 1H NMR (CD2Cl2, 500.13 MHz; see Figure 6.23): δ 10.35 (s, 4 H, meso 

H), 6.34 (dd, 1 H, aryl H), 5.58 (m, 1 H, aryl H), 5.26 (d, 1 H, aryl H), 4.21 (complex m, 16 H, 

CH2CH3), 1.97 (t, 24 H, CH2CH3). 
13C{1H} NMR (CD2Cl2, 125.76 MHz; see Figure 6.24): δ 

146.57 (α), 143.19 (β), 129.21 (thiophene), 126.08 (thiophene), 123.76 (thiophene), 122.33 

(thiophene), 97.45 (meso), 89.54 (C≡C), 20.31 (CH2CH3), 18.79 (CH2CH3); one C≡C resonance 

not observed. LDI-TOF MS: m/z [M]+ = 708.257, predicted = 708.278; [M–CCTh]+ = 601.305. 
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UV-vis (toluene; λmax, nm (rel. int.); see Figure 6.30): 341 (7.3), 392 (11.8), 413 (100), 505 (0.6), 

542 (4.2), 579 (4.9). 

Preparation of 9-(Trimethylsilylethynyl)anthracene. This procedure is a modification of a 

literature method.42 To a stirred, room temperature solution of 9-bromoanthracene (0.504 g, 

1.960 mmol), Pd(PPh3)2Cl2 (0.057 g, 0.081 mmol), and CuI (0.059 g, 0.310 mmol) in 

triethylamine (15 mL), trimethylsilylacetylene (460 μL, 3.321 mmol) was added. Upon mixing at 

room temperature, the color of the reaction mixture changed from yellow to dark green to dark 

brown over several seconds. The reaction mixture was heated at 80 °C for 24 h, cooled to room 

temperature, opened to air, and reduced in vacuo to give a dark brown residue. This residue was 

purified on a silica gel column with hexanes as the eluent; removal of solvent provided the 

product as a pale yellow solid (0.073 g, 0.266 mmol, 14% yield). The 1H NMR data agree with 

those reported in the literature. 1H NMR (CDCl3, 500.13 MHz): δ 8.56 (d, 2 H), 8.42 (s, 1 H), 

8.00 (d, 2H), 7.59 (m, 2 H), 7.50 (m, 2 H), 0.43 (s, 9 H). 

Preparation of 9-Ethynylanthracene. This procedure is a modification of a literature 

procedure.36 A solution of 1-(trimethylsilylethynyl)pyrene (0.073 g, 0.266 mmol) and 

(NnBu4)F•xH2O (0.142 g, 0.476 mmol) in THF (15 mL) open to air was stirred at room 

temperature for 0.5 h, giving a clear, orange solution. Water (25 mL) was added, and the product 

extracted with dichloromethane (3 × 25 mL). The organic phase was dried with MgSO4, filtered, 

and dried via rotary evaporation to provide the product as a pale yellow solid (0.065 g, 0.321 

mmol, 121% yield). Note that the product becomes discolored within a day after deprotection 

and should be used immediately. We do not know the nature of the impurities that must be 

present in the product, based on the isolated yield, but the 1H NMR data agree with those 
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reported in the literature and do not show extraneous resonances. 1H NMR (CDCl3, 500.13 MHz): 

δ 8.58 (d, 2 H), 8.48 (s, 1 H), 8.02 (d, 2H), 7.59 (m, 2 H), 7.51 (m, 2 H), 3.99 (s, 1 H). 

Preparation of 9-(LiCC)anthracene. To a stirred, yellow solution of 9-ethynylanthracene 

(0.065 g, 0.321 mmol) in pentane (10 mL) at room temperature was added a solution of nBuLi 

(240 μL, 1.6 M in hexanes, 0.384 mmol), immediately forming a yellow precipitate. After 0.5 h, 

the suspension was filtered and washed several times with pentane to give the product as a 

yellow-brown solid (0.037 g, 0.178 mmol, 55% yield). 

Preparation of Ga(OEP)(CC-9-anthracene). To a stirred solution of Ga(OEP)Cl (0.047 g, 

0.074 mmol) in THF (30 mL) at –78 °C was added a dark green solution of 9-(LiCC)anthracene 

(0.037 g, 0.178 mmol) in THF (3 mL). The reaction mixture was allowed to warm to room 

temperature, during which time the color changed slowly from dark pink to dark purple. After 2 

h the volatile components were removed under vacuum, the remaining solid was extracted into 

toluene, and the solution was filtered through Celite. Removal of the solvent under vacuum 

provided a dark pink powder that was then recrystallized from toluene layered with pentane at 

−30 °C. This yielded the product as a dark pink solid (0.018 g, 0.023 mmol, 31% yield). 1H 

NMR (CD2Cl2, 500.13 MHz; see Figure 6.25): δ 10.47 (s, 4 H, meso H), 7.69 (s, 1 H, aryl H), 

7.45 (d, 2 H, aryl H), 7.06 (m, 2 H, aryl H), 6.87 (m, 2 H, aryl H), 5.58 (d, 2 H, aryl H), 4.30 

(complex m, 16 H, CH2CH3), 2.03 (t, 24 H, CH2CH3). 
13C{1H} NMR (CD2Cl2, 125.76 MHz; see 

Figure 6.26): δ 146.66 (α), 143.25 (β), 131.16 (anthracene), 130.53 (anthracene), 127.93 

(anthracene), 126.27 (anthracene), 125.17 (anthracene), 125.14 (anthracene), 125.10 (anthracene), 

117.84 (anthracene), 97.46 (meso), 20.32 (CH2CH3), 18.83 (CH2CH3); C≡C resonances not 

observed. LDI-TOF MS: m/z [M]+ = 802.366, predicted = 802.353; [M–CCAnthr]+ = 601.344. 



196 
 

UV-vis (toluene; λmax, nm (rel. int.); see Figure 6.30): 341 (7.9), 368 (sh) (6.3), 392 (14.8), 413 

(100), 503 (0.6), 542 (4.3), 579 (5.2). 

Preparation of 9-(Trimethylsilylethynyl)triptycene. This procedure is a modification of a 

literature procedure.42 In a two-neck Schlenk flask, a clear orange solution of 9-

(trimethylsilyl)anthracene (0.947 g, 3.45 mmol) in DME (25 mL) was brought to a gentle reflux. 

Solutions of isopentyl nitrite (3.7 mL, 27.541 mmol) in DME (2.3 mL) and anthranilic acid 

(2.851 g, 20.790 mmol) in DME (6 mL) were added over the course of 2.5 h via syringe pump, 

during which the solution turned dark orange. The reaction mixture was refluxed for 16 h, cooled 

to room temperature, and the volatile components were removed in vacuo, resulting in a viscous 

brown residue. The flask was opened to air and the product was extracted into several portions of 

boiling hexanes (10 × 20 mL).  The volatile components were removed by rotary evaporation, 

resulting in an orange solid with a small amount of brown, high-boiling species; this high-boiling 

material was removed in vacuo. This material was purified by silica gel column chromatography 

with hexanes as the eluent followed by recrystallization from hexanes. This yielded the product 

as a white crystalline material (0.303 g, 0.864 mmol, 25% yield). The 1H NMR data agree with 

those reported in the literature. 1H NMR (CDCl3, 500.13 MHz): δ 7.71 (m, 3 H), 7.37 (m, 3 H), 

7.05 (complex m, 6 H), 5.40 (s, 1 H), 0.47 (s, 9 H). 

Preparation of 9-Ethynyltriptycene. This procedure is a modification of a literature 

procedure.42 To a stirred solution of 9-(trimethylsilyl)triptycene (0.303 g, 0.864 mmol) open to 

air at 0 °C in THF (20 mL) was added (NnBu4)F•xH2O (1 mL, 1.0 M in THF, 1.0 mmol). The 

solution was warmed to room temperature and stirred for an additional 1 h, during which the 

color of the clear, pale yellow solution was not observed to change. Diethyl ether (30 mL) was 

added to the solution and the organic mixture was washed with H2O (3 × 40 mL). The organic 
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phase was dried over MgSO4, filtered, and reduced to dryness via rotary evaporation to give the 

crude product as a white solid. This solid was purified by silica gel chromatography with 

hexanes/dichloromethane (3:1) as the eluent to give the product as a white microcrystalline solid 

(0.248 g, 0.891 mmol, 103% yield). The 1H NMR data agree with those reported in the literature. 

1H NMR (CDCl3, 500.13 MHz): δ 7.75 (m, 3 H), 7.39 (m, 3 H), 7.05 (complex m, 6 H), 5.42 (s, 

1 H), 3.28 (s, 1 H). 

Preparation of LiCCtriptycene. This procedure is a modification of a literature procedure; 

the product was reported to precipitate out of THF upon addition of nBuLi and this precipitate 

was used in the in situ synthesis of 9-(3-hydroxyprop-1-ynyl)triptycene.42 To a stirred, colorless 

solution of 9-ethynyltriptycene (0.099 g, 0.356 mmol) in THF (10mL) at −78 °C was added a 

solution of nBuLi (400 μL, 2.5 M in hexanes, 1.0 mmol), resulting in no visible change to the 

solution. The solution was warmed to room temperature and stirred for an additional 1 h, during 

which the solution turned pale yellow. The volatile components were removed in vacuo, 

resulting in a yellow oil. Pentane (20 mL) was added, resulting in a white precipitate. The 

suspension was filtered and washed several times with pentane to give the product as a white 

solid (0.079 g, 0.278 mmol, 78% yield). 

Preparation of Ga(OEP)(CC-9-triptycene). To a stirred solution of Ga(OEP)Cl (0.051 g, 

0.080 mmol) in THF (40 mL) at –78 °C was added a colorless solution of LiCC-triptycene 

(0.037 g, 0.130 mmol) in THF (6 mL). The reaction mixture was allowed to warm to room 

temperature, during which time the color changed slowly from dark pink to dark purple. After 2 

h the volatile components were removed under vacuum, the remaining solid was extracted into 

toluene, and the solution was filtered through Celite. Removal of the solvent under vacuum 

provided a dark purple powder that was then recrystallized from toluene at −30 °C. This yielded 
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the product as a dark pink solid (0.014 g, 0.016 mmol, 20% yield). 1H NMR (C6D6, 500.13 MHz; 

see Figure 6.27): δ 10.47 (s, 4 H, meso H), 6.59 (d, 3 H, aryl H), 6.43 (m, 3H, aryl H), 6.32 (m, 3 

H, aryl H), 5.13 (d, 3 H, aryl H), 4.44 (s, 1 H, bridgehead H), 4.02 (complex m, 16 H, CH2CH3), 

1.86 (t, 24 H, CH2CH3). 
13C{1H} NMR (CD2Cl2, 125.78 MHz; see Figure 6.28): δ 146.64 (α), 

143.87 (triptycene), 143.82 (triptycene), 143.24 (β), 124.84 (triptycene), 124.56 (triptycene), 

122.58 (triptycene), 121.55 (triptycene), 97.42 (meso), 52.51 (bridgehead C), 20.30 (CH2CH3), 

18.87 (CH2CH3); C≡C resonances and one bridgehead C not observed. LDI-TOF MS: m/z [M]+ 

= 878.281, predicted = 878.384; [M–CCTrip]+ = 601.268. UV-vis (toluene; λmax, nm (rel. int.; 

see Figure 6.30): 324 (sh) (7.2), 339 (5.1), 362 (sh) (4.8), 392 (11.9), 413 (100), 503 (0.5), 542 

(4.1), 579 (4.8). 

Preparation of Ga(OEP)(O2CPyrene). In a reaction open to air, Ga(OEP)Cl (0.063 g, 

0.099 mmol) was dissolved in dichloromethane (15 mL). To this, an aqueous solution of sodium 

hydroxide was added (2 M, 15 mL) and the suspension was vigorously stirred for 2.5 h at room 

temperature. The organic phase was extracted and washed with water (3 × 30 mL). It was further 

dried with MgSO4, filtered, and dried via rotary evaporation to give a dark pink solid 

(Ga(OEP)(OH)), 0.049 g, 0.079 mmol, 80% yield) which was taken into the glovebox. The 

Ga(OEP)(OH) was dissolved in THF (20 mL) and to this, 1-pyrenecarboxylic acid (0.029 g, 

0.118 mmol) in THF (5 mL) was added. The solution was stirred for 2 h at room temperature, 

during which time the dark pink solution was observed to darken slightly. The volatile 

components were removed in vacuo, resulting in a dark pink powder with a small amount of 

unreacted pyrenecarboxylic acid remaining (40.1 mg, 60% crude yield). Attempts to remove this 

impurity have been unsuccessful to this point. 1H NMR (C6D6, 500.13 MHz, see Figure 6.29): δ 

10.51 (s, 4 H, meso H), 7.70 (d, 1 H, pyrenyl H), 7.57 (d, 1 H, pyrenyl H), 7.51 (t, 1 H, pyrenyl 
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H), 7.31 (m, 2 H, pyrenyl H), 7.01 (d, 1 H, pyrenyl H), 6.59 (d, 1 H, pyrenyl H), 5.96 (m, 1 H, 

pyrenyl H), 4.02 (complex m, 16 H, CH2CH3), 1.87 (t, 24 H, CH2CH3). 
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Figure 6.23. 1H NMR spectrum of Ga(OEP)(CCTh) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum. 
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Figure 6.24. 13C{1H} NMR spectrum of Ga(OEP)(CCTh) in CD2Cl2.  
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Figure 6.25. 1H NMR spectrum of Ga(OEP)(CCAnthr) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum.  
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Figure 6.26. 13C{1H} NMR spectrum of Ga(OEP)(CCAnthr) in CD2Cl2. The bottom spectrum is 

an expansion of the top spectrum. 
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Figure 6.27. 1H NMR spectrum of Ga(OEP)(CCTrip) in C6D6. The bottom spectrum is an 

expansion of the top spectrum.  
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Figure 6.28. 13C{1H} NMR spectrum of Ga(OEP)(CCTrip) in CD2Cl2. The bottom spectrum is 

an expansion of the top spectrum. 
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Figure 6.29. 1H NMR spectrum of Ga(OEP)(O2CPyr) in C6D6. The bottom spectrum is an 

expansion of the top spectrum. Resonances marked with an * are unreacted 1-pyrenecarboxylic 

acid. 
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Figure 6.30. Electronic-absorption spectra of Ga(OEP)(CCR) complexes in toluene solution at 

room temperature. 
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APPENDIX 

Scanning Tunneling Microsopy Studies of Metalloporphyrins Under Ambient Conditions 

on Graphene and Monolayer MoS2 

A.1. Introduction 

Throughout this work, we have demonstrated that M(OEP) complexes generally assemble 

into robust, widespread monolayers on HOPG at the solid-liquid interface, giving an invariant 

pseudo-hexagonal unit cell despite functionalization with a variety of axial ligands and co-

deposition with guest fullerene molecules. Our sole substrate for these investigations to this point 

has been highly oriented pyrolytic graphite (HOPG) both due to the ease of preparing the 

substrate with adhesive tape, and porphyrins’ well-documented affinity for assembly on graphite 

due to the favorable π-stacking interactions.1-3 However, as the substrate plays an integral role in 

interfacing an assembly to its surrounding environment, and the substrate can have a pronounced 

effect on a monolayer’s self-assembled structure,4, 5 we are interested in what, if any, effects that 

alternative substrates will have on the self-assembly of our M(OEP) system. 

In this study, we focus on two atomically thin materials in particular: single layer graphene 

(SLG) and monolayer MoS2. Such atomically thin materials have been investigated for 

incorporation into devices due to their unique properties that differ markedly from those of the 

bulk materials. Graphene has a wealth of exceptional properties such as its mechanical strength, 

high conductivity, and near transparency.6, 7 However, the lack of a band gap in pristine graphene 

has led researchers to turn to alternative materials such as monolayer transition metal 

dichalcogenides for study.8, 9 Monolayer MoS2 has a band gap that shifts more than 0.6 eV 

compared to that of the bulk material, and drastically increased quantum yields, making it an 

intriguing candidate for incorporation into electronic and light-harvesting devices.8, 10 There are 
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limited reports of STM studies of monolayer MoS2 in the literature, largely due to limitations in 

methods of growth or exfoliation of defect-free sheets of suitable size on conductive 

substrates.11-17  

The Park lab has developed an improved method of growing monolayer transition metal 

dichalcogenides (TMDs) on SiO2 by metal–organic chemical vapor deposition.18 By carefully 

controlling the concentration and flow rate of the components, control over the grain size can be 

accomplished, with grain sizes over 10 μm acheived;18 further, these substrates are able to be 

transferred to conductive surfaces suitable for STM imaging. In collaboration with them, we 

hoped to determine if we can functionalize these unique substrates with porphyrin monolayers, 

and if varying the substrate affects the assembly of our monolayers. In this appendix, we report 

the preliminary results of the deposition and STM imaging of the well-studied Ni(OEP) on 

atomically thin substrates SLG/Cu foil and monolayer MoS2/Au/silica at the solid-liquid 

interface. The five-coordinate Ga(OEP)Cl assembly behavior on monolayer MoS2 was also 

studied. 

A.2. Scanning Tunneling Microscopy (STM) Sample Preparation 

All substrates used in this study were provided by the lab of Professor Jiwoong Park. 

Graphene was deposited on polycrystalline copper foil by chemical vapor deposition. The foil 

was mechanically cut with scissors to give samples of approximately 0.75 cm × 0.75 cm. 

Monolayer MoS2 was grown on a fused silica substrate by metal–organic chemical vapor 

deposition methods developed in the Park lab.18 The MoS2 was delaminated from the fused silica 

by immersion in water and transferred to a wafer of a thin film gold (~100 nm) on fused silica. 

These wafers were cut with a diamond-tipped pen to give chips of roughly 0.75 cm × 0.75 cm. 

The samples were then mounted to 12 mm diameter metal specimen discs with colloidal silver 
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paste (PELCO, Ted Pella, Inc.), ensuring contact is made between the gold and disc with the 

paste. Porphyrin solutions in 1-phenyloctane were prepared and deposited on the surface as 

described in Section 6.1.3; all compounds in this appendix were studied at a concentration of 0.5 

mM. 

A.3. Scanning Tunneling Microscopy (STM) Measurements 

STM measurements were performed as described in Section 6.1.4, with the following 

adaptations. Where possible for the samples, images of the underlying substrate (graphene, MoS2) 

were acquired, and the data for the porphyrin overlayers were corrected post-acquisition for 

instrument drift in the SPIP software package3 using the substrate lattice parameters as a 

reference.19 For Ni(OEP) on graphene/Cu foil, the average distances of 50 sets of five 

consecutive porphyrin molecules in each scan direction was used instead of 100. 

A.4. Results and Discussion 

A.4.1. STM Studies of Ni(OEP) on Graphene/Cu Foil. Initial STM investigations of 

samples of SLG deposited on polycrystalline copper foil showed that the substrate itself has 

widespread variability in the topography of the surface (Figure A.1). Though relatively large 

regions of smooth substrate are observed (Figure A.1a), this was not consistent from region to 

region and from sample to sample, and some regions appeared rough and unsuitable for 

observing monolayer formation (Figure A.1d). This variable topography of SLG on copper foil is 

consistent with previous STM studies performed at the solid-liquid interface.20 The atomic 

structure of the graphene can be resolved, and is similar in appearance to that of HOPG (Figure 

A.2). While subtle differences in the HOPG and SLG can potentially be observed as HOPG is 

comprised of ABAB stacks of sp3 hybridized carbon, and graphene has only a single sheet, 

resolving these will be dependent on tip quality and imaging conditions; the overall lattice 
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structure should be the same.20, 21 Good resolution of the underlying substrate lattice is critical 

for the proper calibration of data when accounting for instrument drift.  

   

   

Figure A.1. Large-scale STM images of graphene on polycrystalline copper foil showing a high 

degree of variability in surface topography. The images were acquired at (A): I = 8 pA, V = –500 

mV; (B): I = 5 pA, V = –500 mV; (C): I = 10 pA, V = –500 mV; (D): I = 10 pA, V = –500 mV. 

 

   

Figure A.2. STM images of the atomic structure of (A) graphene on Cu foil and (B) HOPG. The 

images were acquired at (A): I = 120 pA, V = –30 mV; (B): I = 60 pA, V = +2 mV. 
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A 0.5 mM solution of Ni(OEP) in 1-phenyloctane was deposited on the graphene substrate 

and the resulting array imaged at the solid-liquid interface. Due to the uneven macroscale 

structure of the underlying substrate, only small-scale images have been obtained. However, it is 

observed that monolayer assembly is occurring, with arrays spanning roughly 20 nm in width 

(Figure A.3a). As is the case with HOPG, the porphyrin macrocycle can be imaged (Figure A.3b), 

confirming that the porphyrins are assembling parallel to the surface. Further, we observed that 

the compound assembles on this substrate with lattice parameters that are indistinguishable from 

those on HOPG: a = 1.38 (0.05) nm, b = 1.34 (0.06) nm, Γ= 67 (2)°. A similar retention of lattice 

parameters between graphite and graphene/Cu foil has been observed for monolayers of trimesic 

acid at the solid-liquid interface.20 From this, we conclude that any potential substrate-influence 

on the lattice is not enough to overcome the intermolecular interactions in the OEP unit cell. It is 

assumed that other OEPs will assemble similarly. 

 

   

Figure A.3. STM images of Ni(OEP) deposited on graphene/Cu foil at the solid-liquid interface 

(0.5 mM, 1-phenyloctane). The images were acquired at (A): I = 10 pA, V = –500 mV; (B): I = 

15 pA, V = –500 mV. 

A.4.2. STM Studies of Monolayer MoS2. Large-scale images of monolayer MoS2 on an 

Au/silica support once again reveal a more uneven topoplogy than that observed with HOPG 

(Figure A.4a and b); this is in agreement with a literature report of monolayer MoS2 imaged 
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directly on silica.11 However, the atomic structure of the MoS2 can be resolved in small-scale 

images (Figures A.4c and d). Interestingly, the atomic structure can be observed at a variety of 

bias voltages, at approximately −1200 mV to −1500 mV, in accordance with a report of 

monolayer MoS2 on Au(111) imaged by STM,12 and also approximately −300 mV to −400 mV. 

Consistently being able to image the underlying substrate is, again, important to calibrate data 

and extract lattice parameters from any arrays that might assemble on the substrate. 

 

   

   

Figure A.4. STM images of monolayer MoS2/Au/silica showing a large-scale topography (A and 

B) and atomic resolution (C and D) The images were acquired at (A): I = 10 pA, V = –500 mV; 

(B): I = 20 pA, V = –900 mV; (C): I = 65 pA, V = –1500 mV; (D): I = 60 pA, V = –300 mV. 

A.4.3. STM Studies of Ni(OEP) on Monolayer MoS2. Ni(OEP) deposited from a 0.5 mM 

1-phenyloctane solution on MoS2/Au/silica self-assembles rapidly into a monolayer (Figure A.5a 

and b). Due to macroscale variation in surface topology, the extent of the domains is unclear, but 

they appear to span approximately 50 nm in width. In a control to ensure that the observed arrays 
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were indeed assembling on the MoS2 and not on a region of uncovered gold, a 0.5 mM solution 

of Ni(OEP) was directly deposited on an Au/silica substrate (Figure A.5c). While array 

formation was not obvious, these results were inconclusive, and further control studies are 

underway in our lab. Porphyrin assembly on gold is often studied under UHV conditions;1 a 

report at the solid-liquid interface of long-chain alkyl meso-substituted metalloporphyrins on 

Au(111) under a n-tetradecane resulted in numerous polymorphic domains, with the free-base 

analog providing no assembly.22 This indicates that the monolayer assembly we observe here is 

likely favored on the MoS2 substrate. 

     

Figure A.5. STM images of Ni(OEP) deposited on MoS2/Au/silica (A and B) and attempts to 

image a sample deposited on a region of Au/silica with no MoS2 (C) and imaged at the solid-

liquid interface (0.5 mM, 1-phenyloctane). The images were acquired at (A): I = 12 pA, V = –

900 mV; (B): I = 8 pA, V = –500 mV; (C): I = 10 pA, V = –500 mV. 

We have also observed high-quality small-scale images of the Ni(OEP) macrocycle when a 

bias voltage of −1500 mV was applied to the sample (Figure A.6a). This is a notably different 

bias potential than those previously applied on HOPG, where the macrocycle is typically 

resolved at −500 mV to −900 mV. This indicates that the electronic structure of the porphyrin 

relevant to tunneling has noticeably altered by changing the substrate; a similar phenomenon was 

observed in polydiacetylene nanowires imaged on HOPG and bulk MoS2.
23 Attempts to image 

the underlying substrate in order to calibrate the data and extract lattice parameters led to an 
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interesting observation. A confluence of the substrate and monolayer was observed (Figure A.6b), 

leading to the inability to independently image the underlying substrate. This effect has also been 

observed in studies of phthalocyanines on bulk MoS2.
24 The similarity of the uncalibrated images 

to that of Ni(OEP) on HOPG (Figure A.6c) tentatively suggests the lattice parameters are 

retained on the MoS2/Au substrate. However, future work will use the above result of multiple 

available bias ranges to image the atomic structure and obtain accurate lattice parameters. 

     

Figure A.6. STM images of Ni(OEP) deposited on MoS2/Au/silica (A and B) and HOPG (C) 

and imaged at the solid-liquid interface (0.5 mM, 1-phenyloctane). The images were acquired at 

(A): I = 60 pA, V = –1500 mV; (B): I = 50 pA, V = –1500 mV; (C): I = 26 pA, V = –600 mV. 

A.4.4. STM Studies of Ga(OEP)Cl on Monolayer MoS2. Ga(OEP)Cl deposited from a 0.5 

mM 1-phenyloctane solution on MoS2/Au likewise self-assembles rapidly to form a monolayer 

(Figure A.7).  Arrays appear to be on the order of 30 nm in width, but again, the resolution is 

affected by the overall surface roughness. Unlike HOPG, at all bias potentials studied to this 

point, only the porphyrin macrocycle has been observed (Figure A.7c); at no bias voltage was the 

ligand structure resolved. This may be another manifestation of the substrate affecting the overall 

electronic structure of the porphyrins. During these experiments, it was found that the MoS2 

lattice could be imaged at approximately −300 mV to −400 mV (see above); images were 

subsequently calibrated and lattice parameters extracted. These were found to be in agreement 
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with unit cell parameters for Ga(OEP)X compounds deposited from 1-phenyloctane on HOPG: a 

= 1.37 (0.03) nm, b = 1.36 (0.03) nm, Γ= 66 (2)°. 

 

     

Figure A.7. STM images of Ga(OEP)Cl deposited on monolayer MoS2/Au/silica and imaged at 

the solid-liquid interface (0.5 mM, 1-phenyloctane). The images were acquired at (A): I = 10 pA, 

V = –1200 mV; (B): I = 20 pA, V = –1500 mV; (C): I = 12 pA, V = –1200 mV. 

A.5. Conclusions 

We have shown in a preliminary study that M(OEP) compounds self-assemble on atomically 

thin substrates under ambient conditions with a retention of the pseudo-hexagonal lattice 

parameters observed on HOPG. Specifically, Ni(OEP) assembles on both single-layer graphene 

on copper foil and monolayer MoS2 on a gold/silica support. Further, we can continue our 

extension of these systems into the third dimension by depositing Ga(OEP)Cl arrays on the MoS2 

substrate. These results are preliminary, and further efforts are needed to improve calibration 

standards, controls, and determination of large-scale assembly behavior. However, this provides 

a good demonstration of ambient functionalization of novel substrates with unique optical and 

electronic properties. 
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