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ABSTRACT 

 The development of general methods for the organization of molecules on technologically 

relevant materials enables the exploration of properties and functions that are not present in either 

the molecules or the materials alone. Bottom-up self-assembly of molecules is an especially 

promising approach for achieving these hybrid molecule–material systems with nanoscale 

precision. A modular approach to bottom-up self-assembly, where a functional group is attached 

to a molecular platform which forms ordered monolayers, seeks to expand the applicability of 

bottom-up self-assembly to a wide-range of molecules by decoupling the formation of ordered 

structures from the function in these systems. The central hypothesis of this work is that ordered 

porphyrin monolayers can serve as molecular platforms for modular self-assembly, enabling the 

incorporation of diverse molecular functionality onto wide array of materials. 

 This work describes the functionalization of materials using ordered porphyrin monolayers 

utilizing two approaches. The first approach explores the surface chemistry of metalloporphyrins 

on 2D TMDs. The effect of the metal center in a series of M(OEP) complexes (M = Ni, Zn, H2 and 

Ga(Cl)), the peripheral substituents, the surface composition, and the deposition conditions on 

resulting porphyrin monolayers are explored via scanning tunneling microscopy at the solid–liquid 

interface. Computational chemistry was also utilized to explore the thermodynamics of self-

assembly and electronic consequences of the formation of these interfaces. Finally, a modular self-

assembly approach is described, where an electroactive ligand (ferrocene) was covalently attached 

to a five-coordinate gallium porphyrin, demonstrating the organization of a functional molecule 

on a 2D TMD. 

 The second approach explores using ordered monolayers of porphyrin dimers as a template 

for the organization of fullerenes. The synthesis of a series of cofacial porphyrin dimers, 
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(Ga(OEP))2(µ-R), is described; the molecular structures and physical properties of these multi-

porphyrin systems were investigated. The surface chemistry of these cofacial porphyrin dimers 

was then explored both as pristine monolayers and as a template to form bicomponent monolayers 

containing fullerene. The thermodynamics of the supramolecular organization of fullerenes were 

explored using computational chemistry for both the dimeric porphyrin systems along with a series 

of monomeric porphyrin systems, Ga(OEP)(R), containing axial fullerene affinity groups leading 

towards a method for computationally screening candidates for modular self-assembly.
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CHAPTER 1 

Introduction 

The research projects described in this thesis are motivated by the expectation that 

incorporation of diverse molecular functionality into hierarchical structures on technologically 

relevant materials presents a tremendous opportunity to integrate the vast tunability of molecule 

structures and properties with the addressable length scales and processibility of the materials.1 

Such systems allow for exploration of collective properties or emergent phenomena that would not 

be expected from the individual components, with a wide array of potential applications.1-3 The 

realization of such hybrid materials will require general methods for controlling the nanoscale 

organization of these molecules in three dimensions over comparatively large areas.4-8 Bottom-up 

self-assembly of molecules on surfaces presents an opportunity for achieving this organization 

with nanoscale periodicity on mesoscopic scales. Described below are considerations that 

informed the approaches adopted in this research. 

Self-assembled molecular structures typically rely either on the terminus of a molecule 

chemisorbed to the surface with the remainder of the molecule extending off the surface, such as 

in alkane thiols on gold,9 or on non-covalent interactions among the peripheral substituents of 

molecules physiosorbed to the surface, resulting in an essentially two-dimensional (2D) 

monolayer. As non-covalent interactions are, in principle, surface agnostic, 2D physiosorbed 

monolayers provide a promising method for organizing molecules on a wide array of surfaces. 

Despite the substantial catalog of molecules that have been observed to form 2D monolayers, the 

formation of ordered structures under ambient conditions has typically relied on high-symmetry 

molecules possessing planar cores and/or long alkyl chains that provide strong adsorbate–surface 

or adsorbate–adsorbate interactions.10-14 Decoupling the propensity to self-assemble from the 
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desired functionality would enable the use of molecules that on their own would not be expected 

to form highly ordered 2D monolayers (Figure 1.1). In this modular approach, the assembling 

molecule serves as a platform to which a functional group can be attached by means of a linker 

that is oriented orthogonal to the surface and the assembling molecule. Variation of the length of 

the linker enables organization off the surface and thus full three-dimensional (3D) control over 

the placement of the functional molecules. There are several examples of systems that achieve 

these goals, including triazatriangulenium derivatives,15-21 Janus tectons,22-26 and previous work in 

our group utilizing 5-coordinate porphyrins.27,28 

 
Figure 1.1. Cartoon depiction of modular self-assembly approach. 
 

Porphyrins are of particular interest as candidates to serve as the assembling molecule in 

these systems (Figure 1.2). First and foremost, there have been a multitude of studies 

demonstrating the propensity of porphyrins to form ordered adlayers on a variety of substrates, 

including highly oriented pyrolytic graphite and metallic surfaces.29-32 They also possess an 

extensive library of peripheral substituents that provide a means of altering the structure and 

density of the resulting monolayer.33-35 Furthermore, synthetic methods to install a wide variety of 

metal centers are known,36 including 5-coordinate metals37 that provide an attachment point for 

the linker and axial ligand. Finally, porphyrins possess rich and controllable electronic and optical 

properties that could offer additional functionality irrespective of the functional group.38-42 
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Figure 1.2. Generic structure of porphyrin demonstrating different substitutional points. 
 

2D materials are important substrates for modular self-assembly because of their diverse 

electronic properties and atomically thin nature, which makes them extremely sensitive to surface 

modifications. Among these materials 2D transition-metal dichalcogenides (TMDs) have garnered 

significant interest as they possess fundamentally important and technologically relevant 

properties.43-45 Chemical functionalization of 2D TMDs has been extensively explored as a means 

of tuning the optical or electronic properties of the materials.1-3 Multiple strategies for achieving 

chemical functionalization have been investigated, including thick, unstructured molecular 

coatings on the surface of the 2D TMD(Figure 1.3a),3 covalent attachment of functional molecules 

(Figure 1.3b),3,46-49  and ordered molecular monolayers (Figure 1.3c).50,51 Examples of ordered 

molecular monolayers are much less common than the thick coating or covalent attachment 

approaches, though several examples of a modular approach using phthalocyanine52 or the 

previously mentioned triazatriangulenium17,18 platform to incorporate photoactive azobenzenes 

using a dative or covalent attachment strategy, respectively, have been reported. The desire for a 

highly ordered molecule–substrate interface has also received renewed attention, as molecular 

orientation has been shown to have a tremendous impact on the resulting properties of these hybrid 
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systems, such as the distinct optical properties of a 2D TMD–phthalocyanine interface when the 

phthalocyanine is oriented face-on versus edge-on with respect to the surface.53 

 
Figure 1.3. Representation of common strategies for functionalizing 2D TMDs. (a) Thick 
physisorbed molecular coatings; (b) covalently bound functional molecules; (c) ordered molecular 
adlayers. 
 

While these examples have demonstrated that ordered molecular monolayers are possible 

on 2D TMDs, systematic studies exploring the relationship between the molecular structure and 

the ordered monolayer structure on 2D TMDs are lacking. Therefore, our first goal will be to 

systematically investigate the surface chemistry of porphyrins on 2D TMDs exploring the effect 

of the metal center and the peripheral substituents (Figure 1.4a). As transition metals are known to 

coordinate to the chalcogen atoms at the surface of TMDs,54 the potential exists for metal–S 

interactions to influence the structure of the molecular monolayer. Octaethylporphyrins (OEP) 

with varying metal centers (M = Ni, Zn, and Ga(Cl)) and as the free base will be utilized to 

investigate these effects, as they are well-known to form ordered monolayers at the solid–liquid55,56 

and solid–air57 interface on HOPG driven by van der Waals interactions between the ethyl 

substituents of the porphyrins, resulting in highly stable monolayers with structures that are 

independent of both the metal center and axial ligand.55-58 

After investigation of the effects of the metal center, a study of peripheral substituents will 

take place to determine whether the relationships between the porphyrin structure and the resulting 

monolayer that enable a wide range of patterns and molecular densities on HOPG and metallic 
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substrates extend to 2D TMDs. Etioporphyrins (β substituents = 4 CH3, 4 CH2CH3) and meso-

tetradecylporphyrins (meso substituents = n-C10H21) will be investigated as we expect them to form 

monolayers that are more and less dense, respectively, than OEP. Upon completion of the 

systematic study of self-assembled porphyrin monolayers on 2D TMDs, we will seek to 

demonstrate that our approach can be used to create arrays of functional molecules with the 

periodicity of porphyrin monolayers (Figure 1.4b). 

 
Figure 1.4. Depiction of approaches towards functionalizing 2D TMDs with self-assembled 
porphyrin monolayers. (a) Systematic study of the effects of metal centers (left) and peripheral 
substituents (center and right) on 2D TMDs; (b) 5-coordinate porphyrins to incorporate functional 
axial ligands. 
 
 While investigations on 2D TMDs will focus on incorporating functionality through 

covalently linking functional molecules to the metalloporphyrin, an alternative approach can be 

envisioned where the axial ligand of the porphyrin is an affinity group forming a supramolecular 

template for functional molecules. This provides a complementary approach for forming ordered 

adlayers of molecules which are otherwise challenging to incorporate into covalent-type systems. 

One such class of molecules that is of significant interest using this supramolecular approach is 

fullerenes and related derivatives. The electronic and optical properties of fullerenes have made 
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them useful in a variety of devices, including solar cells and optoelectronics.59-61 These 

applications often require the fullerenes to be organized with respect to other electroactive 

components; however, fullerenes do not form stable highly ordered monolayers on their own,62 

and covalent functionalization of fullerenes is both challenging and can cause the properties of the 

pristine fullerene or desired derivative to be altered.63 In order to address these problems, molecular 

monolayers that can template the formation of ordered arrays of fullerenes in a host–guest type 

architecture have been investigated.64-68 While many of the previous motifs have relied on porous 

networks of molecules on surfaces, previous research in our group has found that a modular 

approach using a polyaromatic hydrocarbon axial ligand attached to a Ga(OEP) porphyrin forming 

a corral-like structure on the surface is capable of templating the formation of an ordered overlayer 

of fullerene (Figure 1.5a).27 

 We hypothesized that a similar strategy using cofacial porphyrin dimers bridged by a 

bidentate affinity group would incorporate fullerenes into the cavities formed between the two 

cofacial porphyrins in monolayer structure (Figure 1.5b), presenting an alternate vault-like 

structural motif to that of the corrals. Given suitable porphyrin–porphyrin spacing, these vault-like 

systems may exhibit greater stability for fullerenes, as interactions with the off-surface capping 

porphyrin would be expected in addition to the affinity group and the surface bound porphyrin 

present in corrals. We would also expect these structures to kinetically trap the fullerenes within 

the cavity once the monolayer has formed. Finally, the off-surface porphyrin presents an 

opportunity for incorporating additional functionality, such as by using a six-coordinate metal 

center for the capping porphyrin allowing post-hoc functionalization of the monolayer. 
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Figure 1.5. Approaches towards supramolecular organization of fullerene using porphyrin 
adlayers. (a) Corral-like structures of 5-coordinate porphyrins containing an axial affinity group; 
(b) vault-like structures of cofacial 5-coordinate porphyrin dimers bridged by an axial affinity 
group. 
 
 The first step to creating such systems is synthesizing the requisite cofacial porphyrin 

dimers. A multitude of cofacial porphyrin dimers have been studied, as interesting physical 

phenomena arise as a result of porphyrin–porphyrin interactions.69,70 These systems most 

commonly use either flexible aliphatic or rigid aromatic substituents on the periphery of the 

porphyrin to link the macrocycles.71,72 We envisioned a series of cofacial porphyrin dimers of 

varying heights and affinities for fullerene that adopt a less common structural motif, where the 

porphyrins are bridged through metal centers (Figure 1.6),73,74 in our case gallium metal centers. 

This allows for the porphyrin to retain the peripheral substituents that are requisite for forming 

self-assembled monolayers. As the formation of these cofacial porphyrin dimers may lead to 

porphyrin–porphyrin interactions, the molecular structures and electronic properties of these 

complexes will be investigated through a variety of physical measurements and theoretical 

calculations. 
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Figure 1.6. Cartoon depiction and molecular structures of cofacial porphyrin dimers. 
 

Finally, we will investigate the surface chemistry of the cofacial porphyrin dimers and the 

ability to template fullerene organization. Examples of ordered monolayers of porphyrin or 

phthalocyanine dimers are known; however, these systems possess very small porphyrin–

porphyrin (or phthalocyanine–phthalocyanine) separations (3.3–3.5 Å).75,76 In contrast, the 

cofacial dimers we have envisioned are expected to exhibit much larger porphyrin–porphyrin 

separations (7.7–24.5 Å). While previous work in our group has demonstrated that neither tall axial 

ligands (oligo-phenylene-ethylene ligands) nor sterically bulky ligands (fullerene derivatives) 

prevent the formation of ordered porphyrin monolayers,28 the combination of both the height of 

the bridging ligand and the steric bulk of the off-surface porphyrin has not been investigated; 

therefore, we will first determine whether the cofacial porphyrin dimers will form stable ordered 

monolayers on HOPG. Subsequently, the codeposition of73,74 fullerenes with the porphyrin dimers 

will be examined to determine whether bicomponent monolayers can be formed. 

 Underlying the whole of this work is the complex process of self-assembly, which relies 

on finely balanced thermodynamics and kinetics in order to form highly ordered monolayers.77-81 
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Therefore, understanding how subtle changes to molecular structures, to molecule–surface 

interactions, or to the environment under which self-assembly occurs can alter the structures or 

stabilities of the ordered monolayers is vital towards realizing the goal of using molecular self-

assembly as a means of incorporating diverse molecular functionality onto surfaces. As the study 

of the thermodynamics of self-assembly is challenging experimentally,82-87 particularly under 

ambient conditions, computational chemistry has been utilized to interrogate structures and 

stabilities of ordered molecular monolayers.88,89 Dispersion-corrected plane-wave density 

functional theory has been the method of choice, as it can accurately describe the non-covalent 

forces that dominate molecular overlayers on surfaces and account for the periodic adsorbate–

adsorbate interactions that dictate the 2D and 3D supramolecular structures in these systems.90-92 

We anticipated that such computational approaches could provide insight into the systems 

described heretofore and sought to adapt and develop methods to tease out these subtle differences.   

The central hypothesis of this work is that ordered porphyrin monolayers provide a surface-

agnostic method for introducing diverse molecular functionality onto surfaces. Towards this end 

we seek to answer two questions: (1) Can porphyrins serve as platforms for modular self-assembly 

on 2D materials; and (2) Can monolayers of dimeric cofacial porphyrins be used to template the 

non-covalent organization of fullerenes? 

Chapter 2 describes efforts towards answering the first question. We pursued a systematic 

study of the surface chemistry of metalloporphyrins on 2D TMDs, first investigating the effects of 

the metal center in a series of M(OEP) complexes (OEP = octaethylporphyrin; M = Ni, Zn, H2, 

Ga(Cl)) and subsequently the effects of peripheral substituents, surface composition, and 

deposition conditions. We also describe efforts using computational chemistry to quantify the 

thermodynamics underlying these ordered monolayers and the electronic consequences of the 
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formation of these interfaces. Finally, we describe the synthesis and surface chemistry of 

Ga(OEP)(O2CFc) (Fc = ferrocene), establishing the periodic organization of an electroactive 

functional molecule on a 2D TMD. 

In Chapters 3 and 4, efforts to answer the second question are described. Chapter 3 explores 

the synthesis of a series of cofacial porphyrin dimers and uses spectroscopic methods and 

theoretical calculations to establish their molecular structures and explore the physical properties 

of the multi-porphyrin systems. Chapter 4 describes the surface chemistry of these cofacial 

porphyrin dimers both as pristine monolayers and as a template for forming bicomponent 

monolayers with fullerene encapsulated within the cavity formed by the cofacial porphyrin dimers. 

Again, computational chemistry explores the thermodynamics and structures of these systems and 

is utilized for interpreting experimental observations of these complex systems. 

Finally, in Chapter 5, the computational approaches that play a supporting role in Chapters 

2 and 4 become the central focus. We describe calculations investigating the thermodynamics and 

structures of a series of corral-like Ga(OEP)(R) monolayers with axial affinity groups that have 

previously been observed to template the organization of fullerenes. We report that these 

thermodynamic calculations can successfully predict the relative energies of these systems, leading 

towards a method for screening systems designed for modular self-assembly. 
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CHAPTER 2 

Surface Functionalization of Monolayer Transition-Metal Dichalcogenides by Ordered 

Assemblies of Metalloporphyrins under Ambient Conditions 

2.1. Introduction 

Two-dimensional materials such as monolayer molybdenum disulfide (1L-MoS2) and 

other transition metal dichalcogenides (TMDs) are subjects of intensive study due to their 

fundamentally important and potentially technologically relevant properties.1-3 Realization of 1L-

TMD based technologies will require the development of approaches to modify and control their 

electronic properties. Towards this end, several approaches to chemically functionalizing TMDs 

have been explored, including introducing heteroatoms into the TMD structure,1,4 covalent 

modification using the chalcogen atoms as ligands for transition metals5 or as attachment points 

for organic molecules,5-9 and through non-covalent surface adsorption of molecules.5,10,11 Among 

these methods non-covalent functionalization provides the distinct advantage of modifying the 

electronic properties of the TMD while leaving the structure and composition of the material 

intact.5 

While significant effort has been devoted to non-covalent molecular functionalization of 

TMDs for tuning their electronic properties,5 including using both porphyrins12 and 

phthalocyanines,13-15 the majority of examples have used many-layer molecular coatings for which 

the structure and state of molecular ordering at the TMD–molecule interface are unknown. The 

supramolecular functionalization of the surfaces of 1L-TMDs by ordered molecular monolayers 

has been comparatively much less explored, but should afford similar opportunities for modifying 

and controlling the electronic properties of TMDs, while providing a constant TMD–molecule 

interface and tunable molecular density to allow understanding and rational control of the extent 
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of electronic modification with high precision. One such approach towards these ordered interfaces 

is through the use of 2D polymers, where a recent example incorporated metalloporphyrins into 

2D covalent or coordinate organic frameworks that could be stacked onto TMDs to create van der 

Waals heterostructures.11 Self-assembled molecular monolayers offer another approach towards 

achieving ordered supramolecular functionalization, where incorporation of a vast array of 

chemical functionalities and the formation of a large variety of structures with significant variation 

in their density has been demonstrated on other atomically flat substrates.16,17 In this vein, there 

have been several studies of the formation, structures, and electronic consequences of self-

assembled molecular monolayers on 1L-TMDs under ultra-high vacuum (UHV) conditions, using 

titanyl phthalocyanine,13 thiophenes,18 PTCDA,19 and fullerenes.20-22 Additionally, an example of 

varying the molecular density of an ordered adlayer to alter the degree of electronic modification 

of graphene has been demonstrated using alkylamines of varying chain lengths under ambient 

conditions.23 While UHV approaches have the advantage that their rigorously controlled 

conditions facilitate precision physical studies of the resulting functionalized material, they are 

limited to volatile molecular adsorbants and are not readily scalable. Preparing self-assembled 

molecular monolayers on 1L-TMDs by solution deposition under ambient conditions, as is well 

established on other atomically smooth surfaces17,24 such as highly ordered pyrolytic graphite 

(HOPG), would couple the rich possibilities for electronic control and hierarchical assembly of 

TMDs with ease of fabrication and scalability. 

Porphyrins are of particular interest as candidates for forming self-assembled molecular 

monolayers on 1L-TMDs under ambient conditions because their have been many studies 

demonstrating monolayer formation on other atomically smooth surfaces, particularly HOPG, and 

because of their rich physical properties and extensive library of peripheral substituents.25-29 
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Additionally, thin coatings of closely related phthalocyanines on MoS2 display charge transfer 

between metallophthalocyanines and TMD30 that is dependent on molecular orientation31 and the 

identity of the metal center,32 highlighting the need to bridge the well-developed understanding of 

molecular monolayers on atomically smooth surfaces with the possibilities of electronic 

modification at the molecule–TMD interface. Among porphyrins, 5-coordinate metalloporphyrins 

are of particular interest because the axial ligand provides a site to which other functional 

molecules can be bound, including those that, on their own, would not be expected to form ordered 

structures; the porphyrin anchor in these systems would allow for a vast number of molecules to 

form ordered monolayers on the surface of TMDs for development of hierarchical structures and 

materials.33 Along this latter line, there have been several recent examples utilizing a similar 

approach to attach azobenzene to preformed molecular monolayers of either phthalocyanines34 or 

triazatriangulene35,36 on MoS2, which display photoresponsive modulation of the electronic 

properties of MoS2. Molecules with frontier orbitals residing near the mid-gap of the valence band 

and conduction band of TMDs would be ideal candidates for introducing favorable electronic 

band–orbital alignments that are not possible with porphyrins alone. These considerations 

motivated us to study the surface chemistry of porphyrins with 1L-TMDs under ambient 

conditions. 

Given the structural and electronic differences between HOPG and 1L-TMDs, the potential 

parallels in their supramolecular surface chemistry is unclear. Supramolecular surface chemistry 

studies comparing HOPG and TMDs have reported instances where the ordered molecular 

assemblies have the same structure on both surfaces,18,37-50 different structures,38,40,41,43,45,51-57 or 

have been observed to selectively form on one substrate, with the structure on HOPG predicting 

that on bulk TMDs approximately half of the time.58,59 Additionally, a study comparing bulk MoS2 



 22 

to trilayer (3L) MoS2 under ambient conditions showed a distinct decrease in the ability to 

characterize order on 3L-MoS2, possibly due to the decreased layer number.42 Given these 

examples, there is significant uncertainty as to whether porphyrins will exhibit similar or divergent 

behavior on TMDs compared with HOPG. Understanding the relationships between formation and 

structure of molecular monolayers on 1L-TMDs and the large body of examples on HOPG would 

unlock a wide array of possibilities for supramolecular surface chemistry on 1L-MoS2. In order to 

provide a direct comparison, porphyrins whose ordered assemblies on HOPG have been 

characterized will be studied under identical conditions. 

In order to elucidate design principles for ordered assemblies on 1L-MoS2, we investigated 

via scanning tunneling microscopy (STM) the molecular overlayers formed by porphyrins with 

varied substituents, using solution deposition methods under ambient conditions and probing 

typically at the solid–liquid interface. The compounds chosen (Chart 2.1a) include 

octaethylporphyrins (OEP) in which a metal center is absent (H2OEP), a metal is present and 

possesses either a high (Zn(OEP)) or low (Ni(OEP)) binding constant for axial ligation, and is 5-

coordinate (Ga(OEP)Cl), which produces a domed rather than planar structure. The conditions 

under which these OEP compounds form monolayers on HOPG and the resulting structures are 

well understood.33,60 In addition, nickel(etioporphyrin I) (Ni(Etio), Chart 2.1b) and meso-

tetradecylporphyrin (H2TC10P, Chart 2.1c) were studied, as representative examples of porphyrins 

with more compact structures and long alkyl side chains, respectively, in order to probe the effect 

of substituents on monolayer deposition, structure, and density. For Ni(OEP), the surface 

chemistry with 1L-WSe2 was also investigated to determine whether surface functionalization can 

be applied to TMDs more generally. Supporting these experimental observations are a series of 

DFT calculations aimed at determining the adsorption sites and energies of the aforementioned 
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M(OEP) compounds on 1L-MoS2. DFT calculations using the same methodology were also 

performed for the M(OEP) compounds on HOPG to provide a comparison between the substrates. 

Finally, ferrocene was incorporated into the axial ligand of Ga(OEP)(O2CFc) (Chart 2.1d) to 

determine whether porphyrin monolayers enable support of additional functional moieties on 

TMDs. We report that all compounds self-assemble into molecular monolayers on these TMD 

surfaces upon deposition from solution under ambient conditions.  

 
Chart 2.1. Porphyrins studied on monolayer TMDs. (a) M(OEP) (M = Ni, Zn, H2) or M(OEP)X 
(M = Ga, X = Cl); (b) Ni(Etio); (c) H2TC10P; (d) Ga(OEP)(O2CFc). 
 
2.2. Experimental Section 

2.2.1. General Procedures. Toluene, THF, diethyl ether, and acetonitrile (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 × 24 in. (1 gal) columns of activated 

A2 alumina (THF, CH3CN) or one column of activated A2 alumina and one column of activated 

BASF R3-11 catalyst (toluene, pentane).61 Ga(OEP)Cl62 (OEP = octaethylporphyrin) and 

H2TC10P63 (meso-tetra(n-C10H21)porphyrin) were synthesized according to standard procedures. 

Ga(OEP)(OH) was synthesized according to a method previously developed in our lab.64 Other 
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chemicals were obtained from commercial sources and used as received. 1H and 13C NMR spectra 

were recorded at room temperature using a Bruker DMX 500 MHz NMR spectrometer. NMR 

chemical shifts were measured relative to solvent resonances.65 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. 

2.2.2. STM Sample Preparation. 1L-MoS2 and 1L-WSe2 samples were generously 

provided by Prof. Jiwoong Park’s research group; these were grown on fused-silica substrates by 

metal-organic chemical vapor deposition.66 The wafers were cut with a diamond-tipped pen to give 

samples with dimensions of roughly 0.75 cm ´ 0.75 cm. 1L-MoS2 and 1L-WSe2 were delaminated 

from their growth substrate by immersion in water67 and transferred to a silicon wafer coated with 

a 6 nm Ti adhesion layer and 100 nm of polycrystalline Au. The samples were mounted to 12 mm 

diameter metal specimen discs with colloidal silver paste (PELCO, Ted Pella, Inc.), ensuring that 

electrical contact is made between the gold and the disc. HOPG (SPI-2 grade, SPI supplies) and 

bulk MoS2 (2D Semiconductors) substrates were mounted to 12 mm diameter metal specimen 

discs with colloidal silver paste. The surface of the HOPG or bulk MoS2 substrate was cleaved 

with adhesive tape prior to deposition. One drop of a 1-phenyloctane or tetradecane solution of the 

porphyrin (0.5 mM unless otherwise noted) was deposited onto the surface of the MoS2, WSe2, or 

HOPG.   The STM tip was then engaged through the drop and the compound imaged at the solid–

liquid interface. A Ni(OEP) monolayer studied at the solid–air interface was prepared by 

immersing the mounted 1L-MoS2 into a 0.5 mM solution of Ni(OEP) in toluene for 30 minutes. 

Samples were then rinsed three times in neat toluene and dried under vacuum before STM imaging. 

 



 25 

2.2.3. STM Measurements. STM images were acquired using a Digital Instruments 

Nanoscope IIIa standalone STM. Tips were either mechanically cut from Pt0.8Ir0.2 wire 

(Goodfellow) or obtained as 8 mm pre-cut Pt0.8Ir0.2 probes (Bruker). All measurements were taken 

at room temperature in constant-current mode. For each sample, an image of the underlying MoS2 

monolayer, WSe2 monolayer, or HOPG was acquired. The data for the porphyrin overlayers were 

corrected after acquisition for instrumental drift in the SPIP software package68 using the lattice 

parameters of the substrate as a reference.69 Data analyses were performed using Gwyddion 

software.70 Images were flattened, 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 5 consecutive porphyrin molecules, and the unit-cell angle was the average 

of 40 measurements. All images shown in the text are uncorrected images. 

2.2.4. Preparation of Ga(OEP)(O2CFc) (Fc = FeCp(C5H4)). This compound has been 

previously prepared in our group, but was reported to be impure.64 To a stirred solution of 

Ga(OEP)(OH) (0.314 g, 0.507 mmol) in THF (25 mL) at room temperature was added a solution 

of ferrocene carboxylic acid (0.128 g, 0.556 mmol) in THF (15 mL). The solution was stirred for 

2.5 h. The color of the dark pink solution did not change during this time. The solvent was removed 

under vacuum, and the crude product was suspended with stirring in a mixture of diethyl ether (20 

mL) and acetonitrile (40 mL) to remove excess ferrocene carboxylic acid. The volume was reduced 

to 40 mL under vacuum and the product was collected as a pink powder (0.315 g, 0.379 mmol, 

75% yield). The compound was recrystallized by diffusion of pentane into a toluene solution of 

the compound, which provided crystals suitable for X-ray crystallography. 1H NMR (C6D6, 500.13 

MHz, Figure 2.1): δ 10.49 (s, 4 H, meso H), 4.02 (complex m, 16 H, CH2CH3), 2.83, (t, 2 H, Fc), 
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2.72, (s, 5 H, Fc), 2.61, (t, 2 H, Fc), 1.88 (t, 24 H, CH2CH3). 13C{1H} NMR (C6D6, 125.77 MHz, 

Figure 2.2): δ 166.57 (CO2), 147.06 (a), 142.66 (b), 97.79 (meso), 75.48 (Fc), 69.23 (Fc), 68.79 

(Fc), 68.56 (Fc), 20.25 (CH2CH3), 18.79 (CH2CH3). LDI-TOF MS (m/z): [M]+ = 830.240, 

predicted = 830.277; [M–O2CFc]+ = 601.295, predicted = 601.282. 
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Figure 2.1. 1H NMR spectrum (500.13 MHz) of Ga(OEP)(O2CFc) in C6D6. The bottom spectrum 
is an expansion of the upper spectrum. 
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Figure 2.2. 13C{1H} NMR spectrum (125.77 MHz) of Ga(OEP)(O2CFc) in C6D6. The bottom 
spectrum is an expansion of the upper spectrum. 
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2.2.5. Single Crystal X-Ray Diffraction. Diffraction data were measured at 100 K on a 

Bruker D8 VENTURE diffractometer equipped with a microfocus Mo-target X-ray tube (λ = 

0.71073 Å) and PHOTON 100 CMOS detector. Data were collected using ω scans to survey a 

hemisphere of reciprocal space. Data reduction and integration were performed with the Bruker 

APEX3 software package (Bruker AXS, version 2015.5-2, 2015). Data were scaled and corrected 

for absorption effects using the multi-scan procedure as implemented in SADABS (Bruker AXS, 

version 2014/5).71 The structure was solved by SHELXT (Version 2014/5)72 and refined by a full-

matrix least-squares procedure using OLEX2 (XL refinement program version 2017/1).73,74 All 

atoms were refined with anisotropic thermal parameters. All hydrogen atoms were observed in the 

difference Fourier map and were included to refinement without any additional restraints. 

Crystallographic data and details of the data collection are listed in Table 2.1. 
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Table 2.1. Crystal Data and Structure Refinement Parameters for Ga(OEP)(O2CFc). 
Empirical formula  C47H53FeGaN4O2  
Formula weight  831.50  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  Cc  
a/Å  20.189(3)  
b/Å  21.494(3)  
c/Å  10.4422(12)  
α/°  90  
β/°  116.209(3)  
γ/°  90  
Volume/Å3  4065.4(9)  
Z  4  
ρcalcg/cm3  1.359  
μ/mm–1  1.063  
F(000)  1744.0  
Crystal size/mm3  0.31 × 0.21 × 0.11  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.35 to 52.198  
Index ranges  –24 ≤ h ≤ 24, –26 ≤ k ≤ 26, –12 ≤ l ≤ 12  
Reflections collected  33600  
Independent reflections  7785 [Rint = 0.0763, Rsigma = 0.0865]  
Data/restraints/parameters  7785/2/505  
Goodness-of-fit on F2  1.032  
Final R indexes [I>=2σ (I)]  R1 = 0.0511, wR2 = 0.0735  
Final R indexes [all data]  R1 = 0.0790, wR2 = 0.0812  
Largest diff. peak/hole / e Å–3  0.82/–0.61  

Rint = S| Fo2 – <Fo2> | / S | Fo2|              
R1 = S ççFoç– çFcçç / S çFoç 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2 

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n–p)1/2 
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Figure 2.3. Molecular structure of Ga(OEP)(O2CFc) as determined by X-ray crystallography (50% 
probability ellipsoids). Hydrogen atoms are not shown. 
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Table 2.2. Bond Lengths (Å) for Ga(OEP)(O2CFc).  
Atom Atom Length/Å  Atom Atom Length/Å 
Ga1 O1 1.875(4)  C11 C12 1.507(8) 
Ga1 N1 2.019(5)   C11 C14 1.360(9) 
Ga1 N2 2.040(5)  C12 C13 1.533(9) 
Ga1 N3 2.044(5)  C14 C15 1.499(8) 
Ga1 N4 2.035(5)   C14 C17 1.459(8) 
Fe1 C38 2.019(6)  C15 C16 1.527(9) 
Fe1 C39 2.032(8)  C17 C18 1.373(8) 
Fe1 C40 2.051(7)   C18 C19 1.378(8) 
Fe1 C41 2.046(6)  C19 C20 1.451(8) 
Fe1 C42 2.038(7)  C20 C21 1.504(8) 
Fe1 C43 2.033(7)   C20 C23 1.356(8) 
Fe1 C44 2.026(7)  C21 C22 1.538(9) 
Fe1 C45 2.042(7)  C23 C24 1.501(8) 
Fe1 C46 2.036(7)   C23 C26 1.447(8) 
Fe1 C47 2.036(6)  C24 C25 1.537(9) 
O1 C37 1.297(7)  C26 C27 1.382(8) 
O2 C37 1.226(7)   C27 C28 1.368(8) 
N1 C1 1.390(7)   C28 C29 1.442(8) 
N1 C8 1.390(8)   C29 C30 1.508(8) 
N2 C10 1.379(8)   C29 C32 1.363(8) 
N2 C17 1.384(8)   C30 C31 1.515(9) 
N3 C19 1.375(7)   C32 C33 1.511(8) 
N3 C26 1.378(7)   C32 C35 1.436(8) 
N4 C28 1.389(7)   C33 C34 1.528(9) 
N4 C35 1.373(7)   C35 C36 1.381(8) 
C1 C2 1.447(8)   C37 C38 1.496(8) 
C1 C36 1.365(8)   C38 C39 1.420(9) 
C2 C3 1.497(8)   C38 C42 1.419(9) 
C2 C5 1.364(9)   C39 C40 1.417(8) 
C3 C4 1.521(9)   C40 C41 1.418(10) 
C5 C6 1.508(9)   C41 C42 1.429(9) 
C5 C8 1.451(8)   C43 C44 1.414(10) 
C6 C7 1.525(9)   C43 C47 1.418(12) 
C8 C9 1.357(8)   C44 C45 1.380(10) 
C9 C10 1.380(8)   C45 C46 1.410(10) 
C10 C11 1.442(8)   C46 C47 1.423(11) 
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Table 2.3. Bond Angles (°) for Ga(OEP)(O2CFc). 
Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
O1 Ga1 N1 110.86(18)   C8 C9 C10 126.6(6) 
O1 Ga1 N2 98.79(18)   N2 C10 C9 124.1(5) 
O1 Ga1 N3 91.66(17)   N2 C10 C11 110.0(5) 
O1 Ga1 N4 101.70(17)   C9 C10 C11 125.9(6) 
N1 Ga1 N2 88.12(19)   C10 C11 C12 124.8(6) 
N1 Ga1 N3 157.5(2)   C14 C11 C10 107.9(5) 
N1 Ga1 N4 87.84(19)   C14 C11 C12 127.2(6) 
N2 Ga1 N3 87.35(19)   C11 C12 C13 112.2(5) 
N4 Ga1 N2 159.22(19)   C11 C14 C15 129.9(6) 
N4 Ga1 N3 88.61(18)   C11 C14 C17 106.0(5) 
C38 Fe1 C39 41.0(3)   C17 C14 C15 124.1(6) 
C38 Fe1 C40 68.5(3)   C14 C15 C16 112.5(5) 
C38 Fe1 C41 68.8(2)   N2 C17 C14 110.2(5) 
C38 Fe1 C42 40.9(2)   C18 C17 N2 125.3(6) 
C38 Fe1 C43 107.4(3)   C18 C17 C14 124.4(6) 
C38 Fe1 C44 124.7(3)   C17 C18 C19 125.2(6) 
C38 Fe1 C45 160.8(3)   N3 C19 C18 125.1(5) 
C38 Fe1 C46 156.9(3)   N3 C19 C20 110.5(5) 
C38 Fe1 C47 120.8(3)   C18 C19 C20 124.4(5) 
C39 Fe1 C40 40.6(2)   C19 C20 C21 124.5(5) 
C39 Fe1 C41 68.6(3)   C23 C20 C19 106.3(5) 
C39 Fe1 C42 69.0(3)   C23 C20 C21 129.2(5) 
C39 Fe1 C43 120.7(3)   C20 C21 C22 112.0(5) 
C39 Fe1 C45 124.1(3)   C20 C23 C24 128.5(5) 
C39 Fe1 C46 161.1(3)   C20 C23 C26 107.4(5) 
C39 Fe1 C47 156.2(4)   C26 C23 C24 123.9(5) 
C41 Fe1 C40 40.5(3)   C23 C24 C25 112.8(5) 
C42 Fe1 C40 68.5(3)   N3 C26 C23 109.9(5) 
C42 Fe1 C41 40.9(3)   N3 C26 C27 124.8(5) 
C42 Fe1 C45 157.0(3)   C27 C26 C23 125.3(5) 
C43 Fe1 C40 156.0(4)   C28 C27 C26 126.8(5) 
C43 Fe1 C41 162.1(3)   N4 C28 C29 110.0(5) 
C43 Fe1 C42 124.8(3)   C27 C28 N4 124.5(5) 
C43 Fe1 C45 67.8(3)   C27 C28 C29 125.6(5) 
C43 Fe1 C46 68.2(3)   C28 C29 C30 124.8(5) 
C43 Fe1 C47 40.8(3)   C32 C29 C28 106.6(5) 
C44 Fe1 C39 107.1(3)   C32 C29 C30 128.6(6) 
C44 Fe1 C40 120.8(3)   C29 C30 C31 113.2(5) 
C44 Fe1 C41 155.7(3)   C29 C32 C33 128.4(5) 
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Table 2.3, continued. Bond Angles (°) for Ga(OEP)(O2CFc). 
C44 Fe1 C42 161.9(3)   C29 C32 C35 107.3(5) 
C44 Fe1 C43 40.8(3)   C35 C32 C33 124.1(5) 
C44 Fe1 C45 39.6(3)   C32 C33 C34 111.1(5) 
C44 Fe1 C46 67.7(3)   N4 C35 C32 110.4(5) 
C44 Fe1 C47 68.6(4)   N4 C35 C36 124.1(5) 
C45 Fe1 C40 108.0(3)   C36 C35 C32 125.3(5) 
C45 Fe1 C41 121.6(3)   C1 C36 C35 126.0(6) 
C46 Fe1 C40 125.0(3)   O1 C37 C38 113.0(5) 
C46 Fe1 C41 108.1(3)   O2 C37 O1 126.0(5) 
C46 Fe1 C42 121.7(3)   O2 C37 C38 121.0(5) 
C46 Fe1 C45 40.5(3)   C37 C38 Fe1 123.3(4) 
C47 Fe1 C40 161.9(4)   C39 C38 Fe1 70.0(4) 
C47 Fe1 C41 125.0(4)   C39 C38 C37 126.8(6) 
C47 Fe1 C42 107.4(4)   C42 C38 Fe1 70.3(4) 
C47 Fe1 C45 68.5(4)   C42 C38 C37 124.6(6) 
C47 Fe1 C46 40.9(3)   C42 C38 C39 108.6(6) 
C37 O1 Ga1 128.1(4)   C38 C39 Fe1 69.0(4) 
C1 N1 Ga1 126.4(4)   C40 C39 Fe1 70.4(5) 
C8 N1 Ga1 127.3(4)   C40 C39 C38 107.7(6) 
C8 N1 C1 105.7(5)   C39 C40 Fe1 69.0(5) 
C10 N2 Ga1 126.9(4)   C39 C40 C41 108.4(6) 
C10 N2 C17 105.9(5)   C41 C40 Fe1 69.6(4) 
C17 N2 Ga1 125.8(4)   C40 C41 Fe1 69.9(4) 
C19 N3 Ga1 125.5(4)   C40 C41 C42 107.9(6) 
C19 N3 C26 105.9(5)   C42 C41 Fe1 69.2(4) 
C26 N3 Ga1 126.1(4)   C38 C42 Fe1 68.8(4) 
C28 N4 Ga1 126.8(4)   C38 C42 C41 107.4(6) 
C35 N4 Ga1 126.5(4)   C41 C42 Fe1 69.8(4) 
C35 N4 C28 105.7(5)   C44 C43 Fe1 69.3(4) 
N1 C1 C2 110.5(5)   C44 C43 C47 107.9(7) 
C36 C1 N1 124.8(5)   C47 C43 Fe1 69.7(4) 
C36 C1 C2 124.6(5)   C43 C44 Fe1 69.9(4) 
C1 C2 C3 124.3(5)   C45 C44 Fe1 70.8(4) 
C5 C2 C1 106.5(5)   C45 C44 C43 108.8(7) 
C5 C2 C3 129.0(5)   C44 C45 Fe1 69.5(4) 
C2 C3 C4 112.0(5)   C44 C45 C46 108.4(7) 
C2 C5 C6 128.8(6)   C46 C45 Fe1 69.5(4) 
C2 C5 C8 107.6(5)   C45 C46 Fe1 70.0(4) 
C8 C5 C6 123.4(6)   C45 C46 C47 108.2(8) 
C5 C6 C7 111.8(5)   C47 C46 Fe1 69.5(4) 
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Table 2.3, continued. Bond Angles (°) for Ga(OEP)(O2CFc). 
N1 C8 C5 109.6(5)   C43 C47 Fe1 69.5(4) 
C9 C8 N1 124.9(6)   C43 C47 C46 106.8(8) 
C9 C8 C5 125.5(6)   C46 C47 Fe1 69.6(4) 
 

2.2.6. Density Functional Theory (DFT) Calculations. Calculations were performed 

using plane-wave density functional theory (PW-DFT) within Quantum Espresso (version 6.1)75 

unless otherwise noted. The generalized gradient approximation in the optB86b-vdW76,77 

formulation was used for most systems. This models the exchange and correlation interactions 

using the optB8678 functional and the dispersion interactions with the vdw-DF79-82 method, which 

has been previously shown to provide accurate results for MoS2.83 A small subset of calculations 

were performed using the revPBE84 functional in conjunction with the vdw-DF method. Optimized 

norm-conserving Vanderbilt (ONCV) pseudopotentials were used.85,86 A wavefunction cutoff 

energy of 60 Ry was used. The wavefunctions were sampled at the Γ point for isolated porphyrins 

and systems involving MoS2, or at a k-point grid of 2 ´ 2 ´ 1 using the Monkhorst and Pack87 

method for systems involving HOPG. Gaussian smearing with a width of 0.001 Ry was included 

to ensure smooth convergence of the self-consistent field (SCF). Structures and adsorption 

energies were tested for convergence with respect to the wavefunction cutoff energy, k-points and 

smearing width. Geometry optimizations were performed with convergence thresholds on the total 

energy and total forces of 10–4 Ry and 10–3 Ry for the ionic minimization and 10–8 Ry for the 

electronic energy during the SCF process. These functionals, pseudopotentials and numerical 

parameters were chosen based on a series of test calculations that are detailed in Section 6.1.1. 

HOPG and MoS2 substrates were constructed from their bulk crystal structures as 8 ´ 8 ´ 

2 (HOPG) and 6 ´ 6 ´ 2 (MoS2) supercells in the a, b, c directions, respectively, to give 4-layer 

(4L) slabs. 1L- and 2L-MoS2 were built by deleting three and two layers, respectively, from the 
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4L-MoS2 slab. A vacuum layer of 30 Å in the c direction was added to avoid interactions within 

the periodic system. The structures of isolated porphyrin molecules were first calculated in 

Gaussian0988 using the B3P86 functional,89,90 LANL2DZ effective core potential basis set91,92 for 

Ga, Zn and Ni atoms, and the 6-31G* basis set for all other atoms, with the ethyl groups oriented 

in an all “up” conformation, as has been previously described.33 The optimized geometries 

obtained from the molecular DFT calculations were used as starting points for the PW-DFT 

calculations, which were optimized without constraints on any atoms. The optimizations of the 

isolated porphyrins were carried out in a 30 Å ´ 30 Å ´ 30 Å cell to ensure that the porphyrins 

were isolated with respect to periodic images. 

Interfacial porphyrin–surface systems were built by inserting the optimized structure 

obtained from the isolated porphyrin calculation onto the surface of the optimized structure of 

MoS2 or HOPG. The initial geometry of the interface was defined such that the distance between 

the C20N4 plane of the porphyrin and the plane of the topmost sulfur or carbon atoms was either 

3.30 Å or 3.35 Å, respectively, in accord with expectation based on van der Waals radii. For 

interfaces involving 1L- or 2L-MoS2, all atoms were allowed to relax; for 4L interfaces of both 

MoS2 and HOPG, the porphyrin and the top two layers of the MoS2 or HOPG were allowed to 

relax while the bottom two layers were frozen in the optimized positions for the free substrate. The 

dependence of the optimized geometry and adsorption energy on the number of MoS2 layers is 

discussed in Section 6.1.2. Cell parameters for all systems are listed in Table 2.4. 
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Table 2.4. Lattice Parameters of Simulation Cells for PW-DFT Calculations of Porphyrins, 
Substrates, and Porphyrin/Substrate Assemblies.  
System a (Å) b (Å) c (Å) α (°) β (°) γ (°) 
Isolated Porphyrin 30 30 30 90 90 90 
4L HOPG and 4L HOPG/Porphyrin 19.65 19.65 43.42 90 90 120 
1L MoS2 and 1L MoS2/Porphyrin 18.98 18.98 34.60 90 90 120 
2L MoS2 and 2L MoS2/Porphyrin 18.98 18.98 40.30 90 90 120 
4L MoS2 and 4L MoS2/Porphyrin 18.98 18.98 51.70 90 90 120 

 
2.3. Results and Discussion 

 2.3.1. STM Imaging of M(OEP) Monolayers on MoS2 and HOPG. Deposition of 1-

phenyloctane solutions (0.5 mM) of Ni(OEP) onto 1L-MoS2 on gold at room temperature results 

in the rapid formation of self-assembled, ordered monolayers of Ni(OEP), as revealed by STM 

imaging at the solid–liquid interface. These deposition conditions are comparable to those that lead 

to formation of Ni(OEP) monolayers on HOPG.33,93,94 Large ordered arrays of Ni(OEP) (minimum 

50 nm ´ 50 nm) form within 5 minutes of deposition, as shown in Figure 2.4a–c. A higher-

resolution STM image for Ni(OEP) on 1L-MoS2 is shown in Figure 2.4b. The porphyrins appear 

as ring-like features approximately 1 nm in diameter in corrected images, consistent with 

alignment of the porphyrin plane parallel to the surface as shown in the height profile in Figure 

2.4f. The ring-type structure has also been observed for Ni(OEP) on Au (111) under UHV 

conditions95 and on HOPG at both the solid–air60 and solid–liquid interface.33,60 The ethyl side-

chains of the porphyrins have not been imaged in our experiments, though Scudiero, et al., have 

found that on Au (111) (where UHV conditions allow side-chain imaging) M(OEP) compounds 

exhibit multiple rotational orientations in the unit cell.95 Building a space-filling model of Ni(OEP) 

in the monolayer structure (Figure 2.4d) suggests that the M(OEP) may adopt multiple rotational 

orientations on 1L-MoS2 in order to minimize steric repulsion between the ethyl side-chains of 

adjacent molecules. The possibility that the porphyrin monolayers might be directly supported on 
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the Au conduction layer was excluded by the observations that variation of the STM bias voltage 

allowed sequential imaging of both the porphyrin and the underlying MoS2 (Figure 2.1d), showing 

it to always be present, and that deposition of Ni(OEP) on a bare Au substrate under the same 

experimental conditions did not result in formation of porphyrin monolayers. To additionally 

confirm that the Au conduction layer is not necessary for the formation of Ni(OEP) monolayers, a 

solution of Ni(OEP) deposited onto bulk MoS2 under the same conditions as above also results in 

formation of a Ni(OEP) monolayer (Figure 2.5) similar to those on 1L-MoS2. 
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Figure 2.4. STM images, structural model and cross-sectional profile of Ni(OEP) monolayers on 
1L-MoS2 at the solid–liquid interface (0.5 mM, 1-phenyloctane); (a) Ni(OEP) (25 nm ´ 25 nm, I 
= 60 pA, V = –1500 mV); (b) Ni(OEP) (10 nm ´ 10 nm, I = 60 pA, V = –1500 mV); (c) Ni(OEP) 
(50 nm ´ 50 nm, I = 150 pA, V = –1500 mV); (d) MoS2 imaged beneath a monolayer of Ni(OEP) 
(6 nm ́  6 nm, I = 80 pA, V = –400 mV); (e) possible arrangement of Ni(OEP) on monolayer MoS2; 
(f) Cross-sectional profile taken along the black line in STM image (a). 
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Figure 2.5. STM images of Ni(OEP) (0.5 mM in 1-phenyloctane) on bulk MoS2 at the solid–liquid 
interface: (a) 25 nm ´ 25 nm (I = 150 pA, V = –1500 mV); (b) 50 nm ´ 50 nm (I = 150 pA, V = –
1500 mV). 
 

In order to test the dependence of monolayer formation and structure on the porphyrin 

metal center, 1-phenyloctane solutions (0.5 mM) of the octaethylporphyrins Zn(OEP), 

Ga(OEP)Cl, and H2OEP were also deposited onto 1L-MoS2. All M(OEP)s are observed by STM 

to form monolayers with ring-like features similar to those for Ni(OEP), and are stable over the 

course of several hours of continuous STM imaging (Figure 2.6). The less pronounced features for 

Ga(OEP)Cl (Figure 2.6b) compared with the other M(OEP)s is the result of the low current 

setpoints that were required to obtain these images. Ga(OEP)Cl monolayers could not be imaged 

at higher current setpoints, with only HOPG being observed. STM maging of other M(OEP)s at 

the low current setpoints used for Ga(OEP)Cl resulted in images with similar resolution to Figure 

2.6b.  
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Figure 2.6. STM images of M(OEP) monolayers on monolayer MoS2 at the solid–liquid interface 
(0.5 mM in 1-phenyloctane): (a) Left, Zn(OEP) (25 nm ´ 25 nm, I = 60 pA, V = –1500 mV) and 
Right, cross-sectional profile of Zn(OEP) taken along the white line , with a vacancy marked on 
both figures by an arrow; (b) Ga(OEP)Cl (25 nm ´ 25 nm, I = 12 pA, V = –1200 mV) from Ref. 
64; (c) H2OEP (25 ´ 25 nm, I = 150 pA, V = –1500 mV). 
 

Measurements of the lattice constants of the M(OEP) monolayers (Table 2.5) show that all 

exhibit a pseudohexagonal geometry and unit cell dimensions that are identical to each other within 

experimental error (a = 1.35–1.39 nm, b = 1.33–1.36 nm, Γ = 63–68°). This indicates that the 

structure of the porphyrin monolayer is not affected by the presence or absence of the metal center 

(H2OEP vs M(OEP)), the identity of the metal (Ni(OEP) vs Zn(OEP)), the planarity of the 

porphyrin (domed Ga(OEP)Cl vs planar M(OEP)), or possible axial interactions between the sulfur 

lone pairs of MoS2 and the Zn center of Zn(OEP), which is known to form five-coordinate 
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complexes with sulfur compounds.96 The unit-cell dimensions of the M(OEP) monolayers on 

MoS2 are experimentally indistinguishable from those observed on HOPG under similar ambient 

conditions (Figure 2.7), despite the grossly different molecular and electronic structures that these 

surfaces present to the porphyrins.   

Table 2.5. Unit-Cell Parameters of M(OEP) Monolayers on Monolayer MoS2 and HOPG at the 
Solid–Liquid Interface.  

Ni(OEP) H2OEP Zn(OEP) Ga(OEP)Cl 
parameter MoS2 HOPGa MoS2 HOPGb MoS2 HOPGb MoS2c HOPGa 

a (nm) 1.39 (4) 1.39 (2) 1.38 (2) 1.38 (2) 1.37 (3) 1.37 (4) 1.35 (1) 1.37 (2) 
b (nm) 1.33(4) 1.35 (3) 1.35 (2) 1.36 (2) 1.36 (3) 1.35 (2) 1.33 (2) 1.34 (2) 
Γ (deg) 65 (5) 64 (2) 63 (3) 65 (1) 66 (2) 68 (1) 68 (1) 67 (1) 

a From Ref. 33. b From data shown in Figure 2.7. c From Ref. 64. 
 

   
Figure 2.7. STM images (25 nm ´ 25 nm) of Zn(OEP) and H2OEP monolayers on HOPG at the 
solid–liquid interface (0.5 mM in 1-phenyloctane): (a) Zn(OEP) (I = 30 pA, V = –700 mV); (b) 
H2OEP (I = 30 pA, V = –600 mV). 
 

2.3.2. STM Imaging of Porphyrin Monolayers on 1L TMDs and HOPG with 

Variations of Porphyrin, TMD, and Deposition Conditions. In order to explore the generality 

of this method for TMD functionalization, variations to the TMD, porphyrin, and deposition 

conditions were investigated. Solution deposition of Ni(OEP) onto 1L-WSe2 also produced 

ordered, large-scale ordered molecular monolayers that are stable over several hours of STM 



 43 

imaging (Figure 2.8a). The Ni(OEP) molecules are again observed as ring-like structures, and the 

monolayer possesses the same lattice constants as observed on 1L-MoS2 (Table 2.6). The 

observation that the monolayer also forms on 1L-WSe2 suggests that ambient-condition 

supramolecular surface functionalization will extend to the other TMD compositions that are 

available (MX2: M = Mo, W; X = S, Se, Te).97 Modifications to the peripheral substituents of the 

porphyrins were also introduced to probe the robustness of the approach and the effects of these 

groups on the structures of the arrays. On other surfaces, the nature of the porphyrin side chains is 

found to control the structure, dimensions, and stability of the monolayer.98-100 Ni(etioporphyrin I) 

(Ni(Etio), Chart 2.1b) was investigated as an example of a porphyrin with more-compact side 

chains than OEP, and free-base meso-tetradecylporphyrin (H2TC10P, Chart 2.1c) was studied to 

explore the effects of long alkyl side chains. Both porphyrins are observed to form ordered 

monolayers on 1L-MoS2 at the solid–liquid interface upon deposition from solution. The 

monolayer of Ni(Etio) (Figure 2.8b) displays a pseudohexagonal geometry with slightly smaller 

cell lengths than those observed for M(OEP) compounds (Table 2.6), consistent with its more 

compact structure; the structure is also quantitatively similar to that found for the compound on 

HOPG (Figure 2.9 and Table 2.7).101 Interestingly, monolayers of H2TC10P on MoS2 were not 

detected when it was deposited from 1-phenyloctane solution (0.01 mM– 0.75 mM), but they were 

observed when tetradecane was used as the solvent. The H2TC10P monolayers exhibit a lamellar 

structure, with rows of bright features arising from the porphyrin ring and dark stripes where the 

decyl chains are inferred to be located (Figure 2.8c). The density of H2TC10P on the surface, 0.41 

molecules/nm2, is observed to be the same on MoS2 and HOPG (Tables 2.6 and 2.7) and is 

significantly smaller than for M(OEP) and Ni(Etio) (0.58–0.60 molecules/nm2 and 0.65 

molecules/nm2 respectively). These observations demonstrate that side-chain variation provides a 
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mechanism to control the structure and dimensions of porphyrin overlayers on 1L-MoS2 and, by 

inference, other TMDs. Finally, variations to the deposition conditions were introduced to test 

whether ordered monolayers of porphyrins form on MoS2 under technologically relevant 

conditions, at the solid–air interface. These samples were dosed by immersing the 1L-MoS2 wafer 

in a 0.5 mM solution of NiOEP in toluene. The samples were rinsed three times with neat toluene 

and dried under vacuum before  being imaged by STM at the solid–air interface under ambient 

conditions. Monolayers of Ni(OEP) readily form at the solid–air interface (Figure 2.8d) and are 

observed to have an identical unit cell to M(OEP) monolayers characterized at the solid–liquid 

interface (Table 2.6). These observations indicate that ordered monolayers of OEPs can be formed 

under technologically relevant conditions. Additionally, it suggests that the structures of 

monolayers deposited by immersion dosing and characterized at the solid–air can be inferred from 

those measured  the less challenging solid–liquid interface.102 
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Figure 2.8. STM images (25 nm ´ 25 nm) of various porphyrin monolayers on monolayer TMDs: 
(a) Ni(OEP) on WSe2 (I = 500 pA, V = –1800 mV, 0.5 mM in 1-phenyloctane); (b) Ni(Etio) on 
MoS2 (I = 100 pA, V = –1400 mV, 0.5 mM in 1-phenyloctane); (c) H2TC10P on MoS2 (I = 10 pA, 
V = –1450 mV, 0.75 mM in tetradecane); (d) Ni(OEP) on MoS2 (I = 8 pA, V = –1600 mV, solid–
air interface). 
 
Table 2.6. Unit-Cell Parameters of Ni(OEP), Ni(Etio), and H2TC10P on TMDs.  

Ni(OEP)  Ni(Etio)  H2TC10P  Ni(OEP) 
parameter WSe2  MoS2  MoS2  MoS2 (solid–air)  
a (nm) 1.39 (4)  1.33 (3)  1.38 (3)  1.39 (3) 
b (nm) 1.33 (4)  1.30 (3)  1.76 (5)  1.36 (4) 
Γ (deg) 66 (2)  63 (1)  88 (1)  69 (6) 
Density (molecules/nm2) 0.59  0.65  0.41  0.57 

 
Table 2.7. Unit-Cell Parameters of Ni(Etio) and H2TC10P on HOPG. 
parameter Ni(Etio)  H2TC10P  
a (nm) 1.31 (3)  1.37 (4)  
b (nm) 1.29 (2)  1.75 (5)  
Γ (deg) 66 (2)  86 (2)  
Density (molecules/nm2) 0.65  0.42  
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Figure 2.9. STM images (25 nm ´ 25 nm) of Ni(Etio), and H2TC10P monolayers on HOPG at the 
solid–liquid interface: (a) Ni(Etio) (0.5 mM in 1-phenyloctane, I = 750 pA, V = –700 mV); (b) 
H2TC10P (0.75 mM in tetradecane, I = 25 pA, V = –1400 mV). 
 

2.3.3. DFT Determination of Adsorption Energies of M(OEP) Monolayers on 1L 

MoS2 and HOPG. To gain further insight into the formation of self-assembled OEP monolayers, 

a series of DFT calculations were performed to determine the optimized structures and adsorption 

energies of porphyrins on 1L-MoS2. The adsorption energies were determined according to 

Equation 2.1: 

 Eads = EInt – ES – EP  (2.1) 

where Eads is the adsorption energy of the porphyrin molecule on the substrate in the gas phase and 

EInt, ES, and EP are the total energies of the optimized substrate–porphyrin interface, the isolated 

substrate and the isolated porphyrin, respectively. This approach has been used previously to 

calculate the adsorption energies of porphyrins and phthalocyanines on various substrates.32,103-105 

While this approach does not include the solvation energies for the porphyrin, substrate, or 

porphyrin–substrate assembly, the differences in these energies are expected to be minimal across 

the series of closely related M(OEP) complexes. 
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The adsorption energy of Ni(OEP) on 1L-MoS2 was calculated with Ni placed at three 

high-symmetry MoS2 sites and for three rotational conformers between periodic limits at each site 

(Figure 2.10). The binding sites are denoted Center, in which Ni is above a Mo atom; Top, in 

which Ni is over an S atom; and Bridge, where Ni is between two S atoms. The calculations show 

the adsorption energy exhibits a minimal dependence on the binding site or rotational 

conformation, ranging from –3.16 eV to –3.33 eV (Table 2.8), with the orientation denoted Bridge 

22.5˚ being slightly favored. Given that the range of adsorption energies across all binding sites is 

only spanned 0.17 eV, is is likely that under the experimental deposition and imaging conditions 

(from solution at room temperature), the observed structure is not driven by the preferred site and 

orientation..106 Detailed structural parameters of the calculated structures at each of these binding 

sites are discussed in Chapter 6. 
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Figure 2.10. Relative calculated adsorption energies of Ni(OEP) for different binding sites and 
orientations on 1L-MoS2, referenced to the lowest-energy configuration (Bridge 22.5° site). Sulfur 
atoms lie at the vertices of the underlying red grid. For a given site, angles indicate the rotation of 
the porphyrin relative to the orientation on the left side of each row. Hydrogen atoms and ethyl 
groups are not shown for clarity. 
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Table 2.8.  Calculated Adsorption Energy of Ni(OEP) for Different Binding Sites and Orientations 
on 1L-MoS2. 
Binding Site Adsorption Energy (eV) 
Center 0˚ –3.23 
Center 7.5° –3.25 
Center 15° –3.28 
Top 0˚ –3.21 
Top 7.5° –3.20 
Top 15° –3.17 
Bridge 0˚ –3.16 
Bridge 22.5° –3.33 
Bridge 45° –3.16 

 
The adsorption energies of Zn(OEP), H2OEP and Ga(OEP)Cl were calculated at the lowest 

energy rotational conformers at each binding site for Ni(OEP) (Bridge 22.5˚, Center 15˚, and Top 

0˚) and are found to have similar adsorption energies as Ni(OEP) (Table 2.9). All OEPs are roughly 

co-planar with the surface at a separation of approximately 3.30 Å (Figure 2.11) and do not show 

substantial distortion from planarity. Notably, H2OEP shows the largest adsorption energy at the 

Center 15° binding site, in contrast with other M(OEP)s which all find the Bridge 22.5° binding 

site to be the most stable, though the energy differences between the binding sites are small. In 

sum, the small differences among the calculated adsorption energies across the range of 

porphyrins, binding sites, and rotational orientations indicate that the adsorption is driven 

principally by dispersion interactions between the surface and the porphyrin macrocycle and that 

interactions between the metal center and the sulfur atoms are to be too small to affect monolayer 

structure.  
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Figure 2.11. Calculated structures of (a) Ni(OEP), (b) Zn(OEP), (c) H2OEP, and (d) Ga(OEP)Cl 
on 1L MoS2 at the Bridge 22.5° binding site. 
 
Table 2.9. Calculated Adsorption Energies for Zn(OEP), H2OEP, and Ga(OEP)Cl on 1L-MoS2 for 
the Minimum-Energy Orientations of Ni(OEP) at each Binding Site.  

Adsorption Energy (eV) 
Binding Site Zn(OEP) H2OEP Ga(OEP)Cl 
Center 15° –3.25 –3.20 –3.20 
Top 0˚ –3.23 –3.18 –3.18 
Bridge 22.5° –3.30 –3.07 –3.27 

 
Given the structural similarity between self-assembled monolayers of porphyrins on 1L-

MoS2 and HOPG, the optimized geometry and adsorption energy of Ni(OEP), Zn(OEP), H2OEP, 

and Ga(OEP)Cl were also calculated on 4L graphite using the same methodology. The optimized 

structures are found to be similar to those on 1L-MoS2, with an adsorbate–surface distance slightly 

larger than on 1L-MoS2. While the increase in this distance seems counterintuitive given the larger 

van der Waals radius of sulfur compared to carbon, the larger separation between sulfur atoms in 

MoS2 (3.16 Å) compared to the separation between carbon atoms in graphite (1.42 Å) allows the 
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best-fit plane of the C20N4 porphyin nuclei to be closer to the best-fit plane of the sulfur atoms in 

MoS2 than to the carbon atoms in graphite. The adsorption energies are calculated to be roughly 

10% larger on 4L graphite than on 1L-MoS2 (Table 2.10). These small differences support our 

experimental observations that the self-assembly of porphyrins on these surfaces is similar. 

Table 2.10. Calculated Adsorption Energies and Adsorbate–Surface Distances for Ni(OEP), 
Zn(OEP), H2OEP, and Ga(OEP)Cl on 4L Graphite. 
parameter Ni(OEP) Zn(OEP) H2OEP Ga(OEP)Cl 
Adsorption energy (eV) –3.61 –3.61 –3.58 –3.60 
Adsorbate–surface distance (Å)a 3.34 3.34 3.36 3.36 

a Determined from the planes of best fit of the top layer of C atoms and the C20N4 macrocycle. 
 

Finally, given that porphyrins and phthalocyanines have previously been used as molecular 

dopants for 1L-TMDs13 and that self-assembled monolayers have the potential to tune the degree 

of doping through the alteration of both the electronic properties of the porphyrin and surface 

density of the molecules, the charge density difference (CDD) was calculated for OEPs on 1L-

MoS2 to determine the effect of the metal center (Figure 2.12). 
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Figure 2.12. CDD plot of (a) Ni(OEP), (b) Zn(OEP), (c) H2OEP, and (d) Ga(OEP)Cl on 1L MoS2 
at the Bridge 22.5° binding site, plotted at an isosurface corresponding to 0.002 e–/Å3; orange and 
cyan regions indicate the accumulation and loss of charge density, respectively. 
 

In order to determine the net direction of charge transfer, the CDD was quantified 

according to Equation (2.2) 

ρdiff(Z) = ρInt – ρS – ρP   (2.2) 

where ρdiff(Z) is the CDD averaged over the xy-plane and ρInt, ρS, and ρP are the charge densities of 

the interface, surface, and porphyrin, respectively. The results of the plane-averaged CDD are 

plotted against the z-axis in Figure 2.13. These plots show little variation between the calculated 

CDD at each of the individual binding sites. All OEPs are determined to donate charge density to 

1L-MoS2, in agreement with previous calculations using metallophthalocyanines.32,104 Integration 

of these plots allow for an estimate of the magnitude of site-averaged charge redistribution per 

porphyrin, which ranges from 0.16 e–/molecule (Ga(OEP)Cl) to 0.19 e–/molecule (Ni(OEP)) 
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(Table 2.11). The deconvolution of the contributions from the various moieties of the 

metalloporphyrin is discussed in Section 6.1.6. Given the experimental unit cell, these values 

correspond to roughly 1  ´ 1013 e–/molecule, on the same order of magnitude as other non-covalent 

molecular dopants,5 though it should be emphasized that the value calculated under gas-phase 

conditions on pristine 1L-MoS2 is likely an overestimate compared to experimental conditions. As 

there are only small differences in charge redistribution between the various OEPs, tuning the 

surface density of the porphyrins as demonstrated both above on MoS2 and in the literature on 

HOPG,107 along with peripheral substitution of the porphyrin,108 are likely to induce larger 

differences in the charge redistribution. 
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Figure 2.13. Plane-averaged (x, y) charge density difference at the lowest-energy porphyrin 
orientations at each site for (a) Ni(OEP), (b) Zn(OEP), (c) H2OEP, and (d) Ga(OEP)Cl on 1L-
MoS2. The charge density difference is the y-axis and the z-coordinate of the corresponding unit 
cell is the x-axis. The dotted and dashed lines correspond to the planes-of-best-fit of the top layer 
of S atoms and the C, N, H atoms of the OEP (excluding the CH3 groups) respectively. 
 
Table 2.11. Plane-Averaged (x, y) Charge Density Differences (CDD) for M(OEP)s on 1L 
MoS2for the Lowest-Energy Porphyrin Orientation at each Site. 
 CDD (e-/molecule)  
OEP Center 15° Top 0° Bridge 22.5° Average Average (e–/cm2) 
Ni(OEP) –0.19 –0.20 –0.20 –0.20 –1.2 ´ 1013 
Zn(OEP) –0.18 –0.17 –0.20 –0.19 –1.1 ´ 1013 
H2OEP –0.17 –0.17 –0.16 –0.17 –1.0 ´ 1013 
Ga(OEP)Cl –0.16 –0.15 –0.18 –0.16 –9.5 ´ 1012 
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2.3.4. STM Imaging of a Porphyrin Monolayer incorporating an Axial Ferrocene 

Ligand.  Beyond the structural and electronic parameter space afforded by variation of the 

porphyrin peripheral substituents and central metal, 5-coordinate porphyrins of the type 

Ga(OEP)X additionally provide the opportunity to incorporate independent functional molecules 

on TMDs via the X ligand. In Ga(OEP)X monolayers the axial X ligands are arrayed perpendicular 

to the TMD surface,33 opening the possibility of using these monolayers to both organize supported 

functional molecules on TMDs in manners not possible without these supports, and exert control 

over their lateral spacing and distance from the surface. Ferrocene is one functional molecule of 

interest owing to its electrochemically reversible redox chemistry and attendant applications in 

charge storage and in molecular switches,109,110 and has previously been targeted for incorporation 

into ordered molecular assemblies.111 Ferrocene was incorporated as an axial ligand in the complex 

Ga(OEP)(O2CFc) (Fc = CpFeC5H4; Chart 2.1d) and shown to exhibit the expected structure byX-

ray crystallography (Figure 2.3). Deposition of Ga(OEP)(O2CFc) from 1-phenyloctane on 1L-

MoS2 produces monolayers of the compound that can be imaged by STM at the solid–liquid 

interface (Figure 2.14a). Based on the crystallographic data for the compound, the ferrocene units 

are supported with the Fe center approximately 5.36 Å above the contact plane of the monolayer. 

Strikingly, these images have only been observed using positive STM bias voltages, in contrast to 

imaging conditions used for other porphyrins in this study. Possibly for this reason, the images are 

less distinct than those observed for other OEP compounds, but the characteristic ring-shaped 

feature indicates the presence of an ordered array of surface-adsorbed porphyrin rings and 

orthogonal axial ligand, as illustrated in Figure 2.14b. 
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Figure 2.14. (a) STM image of Ga(OEP)(O2CFc) on 1L-MoS2 at the solid–liquid interface (25 ´ 
25 nm, I = 300 pA, V = 1550 mV, 0.5 mM in 1-phenyloctane). (b) Representation of 
Ga(OEP)(O2CFc) on 1L-MoS2. 
 
2.4. Conclusions 

We have found that solution deposition of porphyrins with a variety of peripheral 

substituents and metal centers onto 1L-TMDs under ambient conditions results in their self-

assembly into face-down, highly ordered monolayers. The porphyrin arrays are observed 

immediately, are typically expansive, and are stable for hours under continuous STM imaging. 

The inherent structural fidelity of the porphyrin arrays in a given system, and that observed using 
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various metal centers, makes porphyrin monolayers an ideal system for isolating the effects of 

molecular density and redox potential on non-covalent electronic modification of monolayer 

TMDs. Additionally, the structures exhibited by the arrays are similar to those observed on HOPG, 

indicating that the supramolecular surface chemistry of porphyrins on HOPG is an effective 

predictor for that on 1L-TMDs and, thus, the extensive work toward elucidating design principles 

for porphyrin monolayers on HOPG forms a basis for development and utilization of this 

interfacial chemistry on TMDs. Moreover, DFT calculations support both the observed stability of 

porphyrin monolayers on 1L-MoS2 and their similarity to porphyrin monolayers on HOPG. The 

observation that ferrocene-containing Ga(OEP)(O2CFc) also forms a monolayer opens the 

possibility of a more general approach to developing hybrid materials from TMDs and functional 

molecules, within which the base porphyrins control spatial organization and density and the 

functional subunit introduces independent properties. 
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CHAPTER 3 

Synthesis, Structures, and Electronic Spectroscopy of Cofacial Gallium Porphyrin Dimers 

3.1. Introduction 

 Multimeric porphyrin systems have been the object of a tremendous amount of research 

given their importance in photosynthetic systems,1-6 their applications in catalysis,7,8 and their use 

as components in molecular electronics and photonics.9,10 As the structural relationship between 

porphyrin macrocycles in these systems is vital to engendering the desired collective properties, a 

variety of structural approaches for precisely tuning porphyrin–porphyrin interactions have been 

developed.11 Limiting the scope of discussion to those compounds with a cofacial geometry, these 

approaches have included use of flexible aliphatic or rigid aromatic covalent bridges attached to 

the periphery of the porphyrin macrocycle (Figure 3.1a,b),12,13  utilizing the metal center as the 

bridge (Figure 3.1c), in the case of sandwich type compounds,14 or using 5-coordinate 

metalloporphyrins with axial bridging ligands (Figure 3.1d).15-17 
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Figure 3.1. Selected binding motifs for cofacial porphyrin dimers including (a) flexible aliphatic 
linkages, (b) rigid aromatic linkages, (c) sandwich-type metallo-bis(porphyrins), and (d) axially 
ligand-bridged metalloporphyrins. For clarity, only peripheral substituents directly involved in 
the binding of the porphyrin macrocycles are shown. 
 

Among these approaches, connecting the porphyrin macrocycles through the metal centers 

by means of a bridging ligand (Figure 3.1d) has the advantages of allowing for a large variety of 

porphyrin–porphyrin spacings, which are limited to a narrow range in sandwich-type complexes, 

and avoiding the often cumbersome and low-yield syntheses of covalently bridged porphyrins.18-

22 As our primary interest in these systems is as components in ordered surface arrays, connecting 

the porphyrins through the metal centers is also desirable because it leaves the monolayer-directing 

peripheral substituents intact. Therefore, we sought to investigate a general method for 

synthesizing cofacial ligand-bridged porphyrin dimers that could accommodate a wide variety of 

bridging groups. 

 We hypothesized that a condensation reaction between Ga(OEP)(OH) (OEP = 

octaethylporphyrin) and a dicarboxylic acid (Scheme 3.1) would lead to the formation of a cofacial 

dimeric complex of type (Ga(OEP))2)(µ-dicarboxylate), because monomeric 5-coordinate 
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porphyrin compounds with carboxylate ligands are well established.23-31 Initial attempts at a 

similar reaction to form tetra-n-decyl porphyrin dimers of type (Ga(TC10P))2(µ-dicarboxylate) 

were previously explored in our group with mixed success.32 Building on this, a series of 

dicarboxylic acids were selected that would produce a wide range of porphyrin–porphyrin spacings 

in an extended Ga(OEP)-containing dimer. These (Ga(OEP))2(µ-dicarboxylate) compounds are 

shown in Figure 3.2. 

 
Scheme 3.1. Synthesis of (Ga(OEP))2(µ-O2CRCO2) complexes. 

 
Figure 3.2. Cofacial (Ga(OEP))2(µ-dicarboxylate) dimers 1 (µ-oxalate), 2 (µ-terephthalate), 3 µ-
BCP), and 4 (µ-BCPP) investigated in this chapter. 
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In this chapter, we describe the synthesis and properties of cofacial dimers 1–4 (Figure 

3.2). The identity and purity of the complexes were established by an array of standard analytical 

methods, and their structures in the solid state, gas phase, and solution were established by a 

combination of single-crystal X-ray diffraction experiments, density functional theory 

calculations, and NMR and electronic spectroscopy, respectively. It was determined that the 

carboxylate linkers allow significant conformational flexibility, particularly for porphyrin- bridged 

3 and 4, and for 3 the solution structure was found to be solvent-dependent. The electronic 

interactions between porphyrin centers were investigated through electrochemical and electronic 

absorption and emission measurements. For porphyrin-bridged dimers 3 and 4, excited-state 

energy transfer was observed. 

3.2. Experimental Section 

 3.2.1. General Procedures. Toluene, THF, and pentane (HPLC-grade, stored under 

nitrogen, Sigma Aldrich) were purified by passing them under nitrogen pressure through an 

anaerobic, stainless-steel system consisting of either two 4.5 × 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).33 CH2Cl2 and DMF (anhydrous grade, stored under 

nitrogen, Sigma Aldrich) were used as received. CDCl3 used for NMR spectroscopy was stored 

over 3 Å molecular sieves and distilled under vacuum prior to use. CD2Cl2 and 1,2,4-

trichlorobenzene-d3 (C6D3Cl3) were used as received. Ga(OEP)Cl34, Ga(OEP)(OH),35 

dipyrromethane,36 and 5,15-bis(4-carboxylphenyl)porphyrin (H2BCPP)37 were synthesized 

according to standard procedures. Other chemicals were obtained from commercial sources and 

used as received. All syntheses were carried out under a nitrogen atmosphere using standard 
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Schlenk techniques. 1H NMR spectra were recorded on either a 400 MHz Bruker DRX 

spectrometer equipped with a BBO probe, using Topspin 1.3, or a 500 MHz Bruker Avance-II+ 

spectrometer equipped with a 1H QNP probe, using Topspin 2.1. NMR samples were prepared in 

a glovebox under a nitrogen atmosphere. NMR chemical shifts were measured relative to solvent 

resonances.38 HR-MS spectra were measured on an Agilent 6224 TOF-MS. Infrared spectra were 

measured with a Thermo Nicolet iS50 Advanced FT-IR with B-ATR.  

 3.2.2. Electronic Absorption and Emission Measurements.  CH2Cl2 (³99.9%, 

unstabilized, Fisher Chemical) and 1,2,4-trichlorobenzene (TCB) (99%, Oakwood Chemical) 

used for electronic absorption and emission measurements were degassed by three freeze-pump-

thaw cycles (CH2Cl2) or by exposure to high vacuum for 30 min (TCB), placed under N2, and 

then dried over 3 Å molecular sieves. Purified solvents were stored in the dark under N2. 

Electronic-absorption spectra and -emission spectra were obtained in combination 1 cm and 1 

mm path length cuvettes or 1 cm path length cuvettes, respectively, fitted with a J. Young tap. 

The cuvettes were cleaned by soaking for at least 18 h sequentially in HNO3 (68% in H2O, 

Certified ACS Plus, Fisher Chemical), 0.1 M KOH (85%, Oakwood Chemical) in H2O, and 

water, washing with copious amounts of water between each step, and then oven-dried. 

Spectroscopic samples were prepared in a glovebox under N2. Absorption spectra were recorded 

on a Cary 300 UV-visible spectrophotometer. Emission spectra were recorded on a PTI 

QuantMaster fluorimeter equipped with a Peltier-cooled R928 photomultiplier-tube detector. 

UV-vis spectra were recorded before and after measuring the emission spectrum to monitor for 

impurities resulting from degradation during measurement, to ensure they do not contribute to 

the emission spectrum. Emission and excitation spectra were corrected for detector and source 

response, respectively. 
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 3.2.3. Electrochemical Measurements. Electrochemical measurements were performed 

at room temperature in a N2 filled glovebox using a Bioanalytical Systems 100 B/W 

Electrochemical Workstation. A three-electrode configuration was used, with a working 

electrode (Bioanalytical Systems, platinum disk, area = 0.2 cm2), auxiliary electrode 

(Bioanalytical Systems, platinum disk, area = 0.2 cm2), and quasi-reference electrode (silver 

wire), which were polished prior to each experiment. Experiments were performed in CH2Cl2 

containing 0.1 M [NnBu4][PF6] with ferrocene as an internal reference. CH2Cl2 was purified 

using the same procedure as for electronic absorption and emission measurements. [NnBu4][PF6] 

(98%, Oakwood Chemical) was recrystallized three times from 95% ethanol and dried under 

vacuum at 80° C for 24 h. Ferrocene (98%, Oakwood Chemical) was recrystallized three times 

from 95% ethanol and sublimed under vacuum. Potentials are referenced to the FeCp20/+ couple. 

Square-wave voltammetry was performed using a frequency of 25 Hz and an amplitude of 50 

mV. iR corrections were applied using the potentiostat software. 

 3.2.4. Synthesis and Characterization. 

Preparation of (Ga(OEP))2(μ-O2CCO2) (1). To a stirred, room-temperature solution of 

Ga(OEP)(OH) (0.075 g, 0.121 mmol) in THF (30 mL) was added oxalic acid (0.005 g, 0.056 

mmol). The solution was stirred for 2 h, during which time a bright pink precipitate formed. The 

solvent volume was reduced to approximately 10 mL in vacuo. The product was collected as a 

pink powder (0.052 g, 0.040 mmol, 73% yield) and washed (3 ´ 5 mL) with toluene and pentane. 

The product was purified by recrystallization from CH2Cl2 layered with pentane and cooled to –

40 °C. 1H NMR (CDCl3, 500.13 MHz, Figures 3.3 and 3.4): δ 9.75 (s, 8 H, meso H), 3.89 (complex 

m, 32 H, CH2CH3), 1.71 (t, 48 H, CH2CH3). IR (cm-1, Figure 3.5): 1676 s (νas COO), 1234 s (νs 

COO).  UV-vis (CH2Cl2; λmax, nm (rel. int); Figure 3.6): 338 (5.9), 383 (25.0), 396 (100), 499 
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(0.5), 532 (3.6), 570 (5.4). The molecular ion of 1 was not observed by HR-MS; only the 

[Ga(OEP)]+ cation was found. 

Preparation of Ga(OEP)(O2CCO2H) (1m). To a stirred, room-temperature solution of 

oxalic acid (0.073 g, 0.81 mmol) in THF (50 mL) was added a solution of Ga(OEP)(OH) (0.025 

g, 0.040 mmol) in THF (20 mL) dropwise over 5 min. The solution was stirred for 1 h; no 

precipitate was observed to form. The solvent was removed in vacuo and the remaining material 

was stirred in CH2Cl2 (15 mL) to extract the porphyrinic materials. The solution was filtered and 

the solvent was removed in vacuo. The product was suspended in toluene (2 mL), collected by 

filtration, and washed with toluene (2 ´ 2 mL) and pentane (2 ´ 2 mL) to obtain 

Ga(OEP)(O2CCO2H) as a pink powder (0.020 g, 0.029 mmol, 72% yield). Crystals suitable for X-

ray diffraction were grown by diffusion between a solution of oxalic acid in THF layered on a 

solution of Ga(OEP)(OH) in toluene. 1H NMR (CDCl3, 400.20 MHz, Figure 3.7): δ 10.37 (s, 4 H, 

meso H), 4.20 (complex m, 16 H, CH2CH3), 1.96 (t, 24 H, CH2CH3). IR (cm-1, Figure 3.8): 3300 

w (ν OH), 1773 m (νas COO), 1663 m (νas COO), 1268 m (νs COO), 1251 m (νs COO). UV-vis 

(CH2Cl2; λmax, nm (rel. int); Figure 3.9): 335 (4.6), 380 (11.6), 400 (100), 499 (0.5), 532 (3.4), 570 

(5.2). The molecular ion of 1m was not observed by HR-MS; only the [Ga(OEP)]+ cation was 

found. 

Preparation of (Ga(OEP))2(μ-O2CC6H4CO2) (2). To a stirred, room-temperature 

solution of Ga(OEP)(OH) (0.150 g, 0.242 mmol) in DMF (60 mL) was added a solution of 

terephthalic acid (0.016 g, 0.096 mmol) in DMF (20 mL). The solution was stirred for 2 h, during 

which time a bright pink precipitate formed. The solvent was removed in vacuo. The crude product 

was suspended in toluene (10 mL), filtered, and washed (3 ´ 5 mL) with both toluene and pentane 

to provide the product as a pink powder. The product was then suspended in CH2Cl2 (20 mL) and 
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stirred for 0.5 h to remove small amounts of porphyrinic impurities. The product was collected, 

washed (3 ́  5 mL) with toluene and pentane, and dried (0.078 g, 0.057 mmol, 59% yield). Crystals 

suitable for X-ray diffraction were grown by diffusion between a solution of terephthalic acid in 

THF layered on a solution of Ga(OEP)(OH) in CH2Cl2. 1H NMR (CDCl3, 500.13 MHz, Figures 

3.10 and 3.11): δ 10.12 (s, 8 H, meso H), 4.02 (complex m, 32 H, CH2CH3), 4.00 (s, 4 H, C6H4), 

1.78 (t, 48 H, CH2CH3).1H NMR (CD2Cl2, 400.20 MHz. Figure 3.12): δ 10.20 (s, 8 H, meso H), 

4.10 (complex m, 32 H, CH2CH3), 3.94 (s, 4 H, C6H4), 1.81 (t, 48 H, CH2CH3). HR-MS (CH2Cl2, 

200 V, m/z, Figure 3.13): 1369.5822 ((M + H)+, Calc. 1369.5840). IR (cm-1, Figure 3.14): 1656 m 

(νas COO), 1282 m (νs COO). UV-vis (CH2Cl2; λmax, nm (rel. int), Figure 3.15): 335 (5.5), 382 

(15.6), 399 (100), 499 (0.5), 532 (3.8), 570 (5.8). UV-vis (TCB; λmax, nm (rel. int), Figure 3.16): 

336 (4.9), 384 (12.6), 404 (100), 501 (0.5), 534 (3.8), 572 (6.3). 

 Preparation of Ga(OEP)(O2CPh). To a stirred, room-temperature solution of 

Ga(OEP)(OH) (0.050 g, 0.081 mmol) in toluene (25 mL) was added a solution of benzoic acid 

(0.015 g, 0.121 mmol) in toluene (20 mL). The solution was stirred for 1 h. The solvent was 

removed in vacuo. The crude product was suspended in diethyl ether (20 mL), filtered, and 

washed (3 ´ 5 mL) with diethyl ether and pentane to provide the product as a pink powder (0.027 

g, 0.037 mmol, 46% yield). 1H NMR (CD2Cl2, 500.13 MHz, Figures 3.17 and 3.18): δ 10.41 (s, 4 

H, meso H), 6.61 (t, 1 H, para H), 6.29 (t, 2 H, meta Η), 5.04 (d, 2 H, ortho Η), 4.23 (complex 

m, 16 H, CH2CH3), 1.96 (t, 24 H, CH2CH3). IR (cm-1, Figure 3.19): 1651 m (νas COO), 1339 m 

(νs COO). UV-vis (CH2Cl2; λmax, nm (rel. int), Figure 3.20): 335 (4.4), 381 (11.3), 400 (100), 499 

(0.4), 532 (3.3), 571 (5.0). UV-vis (TCB; λmax, nm (rel. int), Figure 3.21): 336 (4.4), 384 (10.3), 

405 (100), 500 (0.5), 534 (3.5), 572 (5.8). The molecular ion of Ga(OEP)(O2CPh) was not 

observed by HR-MS; only the [Ga(OEP)]+ cation was found. 
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Preparation of 5,15‐Bis(4-ethoxycarbonyl)porphyrin (H2BECP). H2BECP was 

synthesized according to literature procedures. 1H-NMR spectra match those previously 

reported.39 UV-vis (CH2Cl2; λmax, nm (rel. int), Figure 3.22): 400 (100), 500 (4.5), 537 (4.0). 576 

(1.9), 630 (2.8). UV-vis (TCB; λmax, nm (rel. int), Figure 3.23): 407 (100), 503 (4.6), 541 (4.3), 

579 (3.0), 634 (3.1). 

Preparation of 5,15‐Bis(carboxyl)porphyrin (H2BCP). This procedure is a modified 

version of a previously reported syntheses of 5,10,15,20-tetrakis(carboxyl)porphyrin40 and 

H2BCPP.37,41 To a stirred, room temperature solution of H2BECP (0.074 g, 0.163 mmol)  in THF 

(21 mL) and MeOH (4 mL) was added an aqueous solution of KOH (4 mL, 2 M). The solution 

was refluxed for 17 h, after which it was allowed to cool to room temperature. The solution was 

acidified with an aqueous solution of HCl (6 mL, 2 M) and a dark purple powder precipitated from 

solution. The powder was washed successively with 2M HCl, H2O, and CH2Cl2 to provide H2BCP 

as a dark purple powder (0.040 g, 0.100 mmol, 62% yield). 1H NMR (DMSO-d6, 400.20 MHz, 

Figure 3.24): δ 14.66 (br s, 2H, COOH) 10.77 (s, 2 H, meso H), 9.77 (q, 8 H, β Η), –3.48 (br s, 2 

H, NH). 

Preparation of (Ga(OEP))2(μ-BCP) (3). To a stirred, room-temperature solution of 

Ga(OEP)(OH) (0.130 g, 0.210 mmol) in N,N-dimethylformamide (70 mL) was added H2BCP 

(0.040 g, 0.100 mmol). The solution was stirred for 18 h, during which time a dark pink precipitate 

formed. The solvent was removed in vacuo at 35 ºC. The crude product was suspended in pentane, 

collected by filtration, and washed with pentane and toluene to provide (Ga(OEP))2(BCP) as a 

dark pink powder (0.098 g, 0.061 mmol, 61% yield). The product was purified by stirring a 

suspension of the material in CH2Cl2 for 0.5 h, after which the product was collected by filtration 

and washed (3 ´ 5 mL) with CH2Cl2, toluene, and pentane. Crystals suitable for X-ray 
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crystallography were obtained from vapor diffusion of pentane into a solution of the compound in 

CHCl3. 1H NMR (CDCl3, 500.13 MHz, Figures 3.25 and 3.26): δ 10.11 (s, 2 H, BCP meso H), 

9.48 (s, 8 H, OEP meso H), 8.83 (d, 4 H, BCP β Η), 6.32 (d, 4 H, BCP β Η), 3.32 (complex m, 32 

H, CH2CH3), 1.52 (t, 48 H, CH2CH3), –4.51 (br s, 2 H, BCPP NH). 1H NMR (C6D3Cl3, 500.13 

MHz, Figures 3.27 and 3.28): δ 10.22 (s, 8 H, OEP meso H), 9.24 (s, 2 H, BCP meso H), 8.27 (d, 

4 H, BCP β Η), 6.13 (d, 4 H, BCP β Η), 3.89 (complex m, 32 H, CH2CH3), 1.78 (t, 48 H, CH2CH3), 

–5.31 (br s, 2 H, BCP NH). HR-MS (CH2Cl2, 70 V, m/z, Figure 3.29): 1601.6571 ((M + H)+, Calc. 

1601.6593). IR (cm-1, Figure 3.30): 1659 w (νas COO), 1298 w (νs COO). UV-vis (CH2Cl2; λmax, 

nm (rel. int), Figure 3.31): 339 (12.3), 389 (75.9), 400 (100), 506 (3.5), 535 (6.6), 572 (9.8), 633 

(0.3). UV-vis (TCB; λmax, nm (rel. int), Figure 3.32): 338 (8.1), 403 (100), 506 (2.4), 535 (5.0), 

573 (7.6), 634 (0.3). 

Preparation of 5,15-Bis(4-methoxycarbonylphenyl)porphyrin (H2BMCPP). This 

procedure is a modified version of previously reported syntheses of H2BMCPP 41 and 5,15-bis(4-

ethoxycarbonylphenyl)porphyrin.37 To a room-temperature solution of dipyrromethane (0.422 g, 

2.89 mmol) and 4-(methoxycarbonyl)benzaldehyde (0.474 g, 2.89 mmol) in anhydrous CH2Cl2 

(350 mL) was added trifluoroacetic acid (230 μL, 3.00 mmol). The reaction was stirred in the dark 

for 17 h, during which time the solution turned very dark brown. To the reaction was added 

triethylamine (1.28 mL, 9.18 mmol) followed by p-chloranil (2.23 g, 9.08 mmol) and the mixture 

was refluxed for 90 min. The reaction mixture was allowed to cool to room temperature and filtered 

through silica gel (CH2Cl2). The solvent was removed in vacuo and the resulting residue was 

purified by column chromatography over silica gel (CH2Cl2). After removal of the volatile 

components, H2BMCPP was obtained as a dark purple powder (0.359 g, 0.621 mmol, 41% yield). 

1H NMR spectra in CDCl3 match those previously reported.41 1H NMR (CD2Cl2, 500.13 MHz, 
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Figure 3.33): δ 10.40 (s, 2 H, meso H), 9.48 (d, 4 H, β Η), 9.08 (d, 4 H, β Η), 8.49 (d, 4 H, ortho 

H) 8.39 (d, 4 H, meta H), 4.12 (s, 6 H, CH3), –3.17 (br s, 2 H, NH). UV-vis (CH2Cl2; λmax, nm (rel. 

int), Figure 3.34): 365 (7.6), 389 (22.2), 408 (100), 502 (4.4), 537 (1.9), 575 (1.4), 630 (0.6). UV-

vis (TCB; λmax, nm (rel. int), Figure 3.35): 368 (6.0), 395 (20.1), 414 (100), 506 (4.0), 541 (1.9), 

579 (1.3), 634 (0.5). 

Preparation of (Ga(OEP))2(μ-BCPP) (4). To a stirred, room-temperature solution of 

Ga(OEP)(OH) (0.163 g, 0.263 mmol) in N,N-dimethylformamide (60 mL) was added H2BCPP 

(0.030 g, 0.106 mmol). The solution was heated to 35 ºC for 1 h, during which time a bright pink 

precipitate formed. The solvent was removed in vacuo at 35 ºC. The crude product was suspended 

in toluene, collected by filtration, and washed with toluene to obtain (Ga(OEP))2(µ-BCPP) as a 

dark pink powder (0.112 g, 0.064 mmol, 60% yield). The 1H NMR spectrum of the crude product 

indicated the presence of uncapped Ga(OEP)(BCPP) (~ 5%), so the material was dissolved in 

CHCl3 to which Ga(OEP)(OH) (0.033 g, 0.053 mmol) was added and stirred for 1 h at room 

temperature. The volatile components were removed in vacuo and the material was suspended in 

toluene, collected by filtration, and washed (3 ´ 5 mL) with toluene and pentane to obtain 

(Ga(OEP))2(µ-BCPP) as a dark pink powder (0.055 g, 0.031 mmol, 29% yield). Crystals suitable 

for X-ray crystallography were obtained from vapor diffusion of pentane into a solution of the 

compound in CHCl3. 1H NMR (CDCl3, 500.13 MHz, Figures 3.36 and 3.37): δ 10.53 (s, 8 H, OEP 

meso H), 10.04 (s, 2 H, BCPP meso H), 9.08 (d, 4 H, BCPP β Η), 8.32 (d, 4 H, BCPP β Η), 7.16 

(d, 4 H, ortho H) 5.47 (d, 4 H, meta H), 4.30 (complex m, 32 H, CH2CH3), 2.02 (t, 48 H, CH2CH3), 

–3.66 (br s, 2 H, BCPP NH). IR (cm-1, Figure 3.38): 1665 w (νas COO), 1316 m (νs COO). UV-vis 

(CH2Cl2; λmax, nm (rel. int), Figure 3.39): 336 (5.5), 380 (13.9), 401 (100), 411 (34.8), 503 (1.8), 

533 (3.4), 571 (4.8), 633 (0.2). UV-vis (TCB; λmax, nm (rel. int), Figure 3.40): 336 (4.3), 383 (11.3), 
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405 (100), 416 (33.6), 506 (1.7), 535 (3.2), 572 (5.0), 634 (0.1). The molecular ion of 4 was not 

observed by HR-MS; only the [Ga(OEP)]+ cation was found. 

 
Figure 3.3. 1H NMR spectrum (500.13 MHz) of (Ga(OEP))2(μ-O2CCO2) (1) in CDCl3. 
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Figure 3.4. Expanded views of 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-O2CCO2) (1) in 
CDCl3 shown in Figure 3.3. 
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Figure 3.5. FT-IR spectrum of (Ga(OEP))2(μ-O2CCO2) (1). 
 

 
Figure 3.6. UV-Vis spectrum of (Ga(OEP))2(μ-O2CCO2) (1) in CH2Cl2. 
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Figure 3.7. 1H NMR spectrum (400.20 MHz) of Ga(OEP)(O2CCO2H) (1m) in CDCl3. 
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Figure 3.8. FT-IR spectrum of Ga(OEP)(O2CCO2H) (1m). 
 

 
Figure 3.9. UV-Vis spectrum of Ga(OEP)(O2CCO2H) (1m) in CH2Cl2. 
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Figure 3.10. 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-O2CC6H4CO2) (2) in CDCl3. 
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Figure 3.11. Expanded views of 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-O2CC6H4CO2) 
(2) in CDCl3 shown in Figure 3.10. 
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Figure 3.12. 1H NMR spectra (400.20 MHz) of (Ga(OEP))2(μ-O2CC6H4CO2) (2) in CD2Cl2. The 
bottom spectrum is an expansion of the upper spectrum. 
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Figure 3.13. High-resolution mass spectrum of (Ga(OEP))2(μ-O2CC6H4CO2) (2) (CH2Cl2, 200 V). 
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Figure 3.14. FT-IR spectrum of (Ga(OEP))2(μ-O2CC6H4CO2) (2). 
 

 
Figure 3.15. UV-Vis spectrum of (Ga(OEP))2(μ-O2CC6H4CO2) (2) in CH2Cl2. 
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Figure 3.16. UV-Vis spectrum of (Ga(OEP))2(μ-O2CC6H4CO2) (2) in TCB. 
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Figure 3.17. 1H NMR spectra (500.13 MHz) of Ga(OEP)(O2CPh) in CD2Cl2. 
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Figure 3.18. Expanded views of 1H NMR spectra (500.13 MHz) of Ga(OEP)(O2CPh) in CD2Cl2 
shown in Figure 3.17. 
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Figure 3.19. FT-IR spectrum of Ga(OEP)(O2CPh). 
 

 
Figure 3.20. UV-Vis spectrum of Ga(OEP)(O2CPh) in CH2Cl2. 
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Figure 3.21. UV-Vis spectrum of Ga(OEP)(O2CPh) in TCB. 
 

 
Figure 3.22. UV-Vis spectrum of H2BECP in CH2Cl2. 
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Figure 3.23. UV-Vis spectrum of H2BECP in TCB. 
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Figure 3.24. 1H NMR spectra (400.20 MHz) of H2BCP in DMSO-d6. 
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Figure 3.25. 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-BCP) (3) in CDCl3.  
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Figure 3.26. Expanded views of 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-BCP) (3) in 
CDCl3 shown in Figure 3.25. 
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Figure 3.27. 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-BCP) (3) in C6D3Cl3. 
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Figure 3.28. Expanded views of 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-BCP) (3) in 
C6D3Cl3 shown in Figure 3.27. 
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Figure 3.29. High-resolution mass spectrum of (Ga(OEP))2(μ-BCP) (3) (CH2Cl2, 70 V). 
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Figure 3.30. FT-IR spectrum of (Ga(OEP))2(μ-BCP) (3). 
 

 
Figure 3.31. UV-Vis spectrum of (Ga(OEP))2(μ-BCP) (3) in CH2Cl2. 
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Figure 3.32. UV-Vis spectrum of (Ga(OEP))2(μ-BCP) (3) in TCB. 
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Figure 3.33. 1H NMR spectra (500.13 MHz) of H2BMCPP in CD2Cl2.  
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Figure 3.34. UV-Vis spectrum of H2BMCPP in CH2Cl2. 
 

 
Figure 3.35. UV-Vis spectrum of H2BMCPP in TCB. 
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Figure 3.36. 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-BCPP) (4) in CDCl3. 
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Figure 3.37. Expanded views of 1H NMR spectra (500.13 MHz) of (Ga(OEP))2(μ-BCPP) (4) in 
CDCl3 shown in Figure 3.36. 
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Figure 3.38. FT-IR spectrum of (Ga(OEP))2(μ-BCPP) (4). 
 

 
Figure 3.39. UV-Vis spectrum of (Ga(OEP))2(μ-BCPP) (4) in CH2Cl2. 
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Figure 3.40. UV-Vis spectrum of (Ga(OEP))2(μ-BCPP) (4) in TCB. 
 
 3.2.5. Single-Crystal X-Ray Diffraction Studies. 

 3.2.5.1. General Information. X-ray diffraction experiments were performed by Dr. 

Alexander Filatov. Diffraction data were measured at 100 K on a Bruker D8 VENTURE 

diffractometer equipped with a microfocus Mo-target X-ray tube (λ = 0.71073 Å) and PHOTON 

100 CMOS detector. Data were collected using ω scans to survey a sphere of reciprocal space. 

Data reduction and integration were performed with the Bruker APEX3 software package (Bruker 

AXS, version 2017.3-0, 2018). Data were scaled and corrected for absorption effects using the 

multi-scan procedure as implemented in SADABS (Bruker AXS, version 2014/5).42 The structure 

was solved by SHELXT (Version 2018/2)43 and refined by a full-matrix least-squares procedure 

using OLEX244 (XL refinement program version 2018/3).45 Crystallographic data and details of 

the data collection and structure refinement are listed in Table 3.1. 
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Table 3.1. Crystal Structure Data and Structure Refinement Parameters. 
Parameter  2 3 4 1m  
Empirical formula   C80H92Ga2N8O4 • 

2 C4H8O 
C94H100Ga2N12O4 
• 6 CHCl3  

C106H106Ga2N12O4 a C45H53GaN4O4 
• C7H8 

Formula weight   1513.26  2317.50  1751.46  783.63  
Temperature/K   100(2)  100(2)  100(2)  100(2)  
Crystal system   triclinic  triclinic  monoclinic  triclinic  
Space group   P-1  P-1  P21/n  P-1  
a/Å   12.405(4)  13.569(2)  11.9700(13)  11.5348(15)  
b/Å   13.173(4)  14.557(2)  64.065(7)  13.7755(18)  
c/Å   13.652(4)  14.720(3)  13.3328(14)  14.289(2)  
α/°   67.767(9)  89.692(4)  90  82.776(5)  
β/°   68.107(9)  65.031(4)  106.424(3)  66.266(4)  
γ/°   77.806(9)  84.204(4)  90  68.785(4)  
Volume/Å3   1909.8(10)  2620.1(8)  9807.1(18)  1937.0(5)  
Z   1  1  4  2  
ρcalcg/cm3   1.316  1.469  1.186  1.344  
μ/mm-1   0.766  1.030  0.606  0.760  
F(000)   802.0  1190.0  3680.0  828.0  
Crystal size/mm3   0.18 × 0.11 × 

0.09  
0.283 × 0.084 × 
0.076  

0.24 × 0.148 × 
0.074  

0.261 × 0.056 × 
0.048  

2Θ range for data 
collection/°  

 5.078 to 50.148  4.29 to 50.244  4.238 to 50.118  4.394 to 50.33  

Index ranges   –14 ≤ h ≤ 14 
–15 ≤ k ≤ 15 
–16 ≤ l ≤ 16  

–14 ≤ h ≤ 16 
–17 ≤ k ≤ 17 
0 ≤ l ≤ 17  

–14 ≤ h ≤ 14 
–76 ≤ k ≤ 76 
–15 ≤ l ≤ 15  

–13 ≤ h ≤ 12 
–16 ≤ k ≤ 16 
–17 ≤ l ≤ 17  

Reflections collected   19679  9246  107110  17814  
Independent 
reflectionsb  

 6732  
[Rint = 0.2175, 
Rsigma = 0.2261]  

9246  
[Rint = 0.0736, 
Rsigma = 0.0876]  

17300  
[Rint = 0.2020, 
Rsigma = 0.2397]  

6888  
[Rint = 0.0756, 
Rsigma = 0.0946]  

Data / restraints / 
parameters  

 6732/60/477  9246/18/626  17300/57/1133  6888/368/565  

Goodness-of-fit on F2 

c  
 1.022  1.019  1.026  1.022  

Final R indexes 
[I>=2σ (I)]d,e  

 R1 = 0.0985, wR2 
= 0.1976  

R1 = 0.0715, wR2 
= 0.1580  

R1 = 0.0965, wR2 = 
0.1691  

R1 = 0.0541, 
wR2 = 0.1041  

Final R indexes [all 
data]d,e   

 R1 = 0.2080, wR2 
= 0.2478  

R1 = 0.1157, wR2 
= 0.1812  

R1 = 0.2088, wR2 = 
0.2043  

R1 = 0.0932, 
wR2 = 0.1178  
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Table 3.1, continued. Crystal Structure Data and Structure Refinement Parameters. 
Largest diff. peak/hole 
/ e Å-3  

 1.36/–0.84  0.89/–0.54  0.67/–0.81  0.44/–0.41 

a Additional diffuse contribution to electron density was observed from solvent-filled voids. A 
solvent mask was calculated and revealed electron count consistent with partial occupancy of 
roughly 1.8 additional molecules of chloroform per asymmetric unit.  b Rint = S | Fo2 - <Fo2> | / S | 
Fo2|. c Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2; n: number of independent reflections; p: 
number of refined parameters. d R1 = S | | Fo| - | Fc|| / S| Fo|. e wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 
2]]1/2         

 

3.2.5.2. Specific Details for Structure Refinement of 2. All atoms were refined with 

anisotropic thermal parameters. All hydrogen atoms were included in idealized positions for 

structure factor calculations. Displacement parameter restraints such as SIMU 0.01 0.02 2 O3 > 

C44 and RIGU O3 > C44 were used for a co-crystallized solvent THF molecule.  

3.2.5.3. Specific Details for Structure Refinement of 1m. All atoms were refined with 

anisotropic thermal parameters. All hydrogen atoms were included in idealized positions for 

structure factor calculations except that of an oxalate monoanion. In the structure, one of the ethyl 

groups and the solvent toluene molecule were found to be disordered. The refinement revealed an 

approximate 1:1 ratio of two parts. The disorder was modelled using appropriate geometric and 

displacement parameter restraints. The H atom (H4 connected to O4) was observed in the 

difference Fourier map and refined without imposing geometric restraints.  

3.2.5.4. Specific Details for Structure Refinement of 3. All atoms were refined with 

anisotropic thermal parameters. All hydrogen atoms were included in idealized positions for 

structure factor calculations except the atom H5 connected to N5 which is refined without 

imposing restraints. The structure refined as a 2-component twin (as HKLF5) and the refined batch 

factor BASF = 0.1050(17). After twin refinement, the residual statistics improved from R1 = 

0.0877, wR2 = 0.2218 for [I>=2σ (I)], R1 = 0.1421, wR2 = 0.2453 (all data), and largest diffraction 
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peak/hole 0.96/-0.59 e Å-3 to those listed in Table 3.1: R1 = 0.0715, wR2 = 0.1580 for [I>=2σ (I)], 

R1 = 0.1157, wR2 = 0.1812 (all data) and largest diffraction peak/hole 0.89/-0.54 e Å-3. 

3.2.5.5. Specific Details for Structure Refinement of 4. The crystal was weakly 

diffracting. The lowered diffraction power is due to co-crystallized solvents filling the pores and 

the extremely large unit cell with b > 64 Å. Data were collected using a very long collection time 

(120 seconds per frame). The solvent mask as implemented in OLEX2 was used. 416 electrons 

were found in a volume of 1768 Å3 in 4 voids per unit cell. This is consistent with the presence of 

about 1.8 chloroform molecules per asymmetric unit. All atoms were refined with anisotropic 

thermal parameters.  

3.2.6. Density Functional Theory Studies. Gas-phase geometry optimization calculations 

were performed in Gaussian 16.46 The B3PW91 functional47-51 with D3 dispersion corrections and 

Becke–Johnson damping52 was utilized. A subset of calculations were performed without 

dispersion corrections, but were otherwise identical. The LANL2DZ effective core potential basis 

set53,54 was used for Ga atoms; the 6-31G* basis set was used for all other atoms. Subsequent 

frequency calculations on the optimized structures revealed no imaginary frequencies, indicating 

the structures reside at potential-surface minima. Molecular models were built using CrystalMaker 

software.55 The molecular orbital energy levels were determined using a single point energy 

calculation with the keyword pop=full; the resulting orbitals were rendered using IQmol software 

(www.iqmol.org) (isosurface = 0.02). 

3.3. Results and Discussion  

3.3.1. Synthesis and Characterization of Porphyrin Dimers and 1m. A general concern 

in syntheses of the type shown in Scheme 3.1 is that an experimental error in the 2:1 proportion of 

Ga(OEP)(OH) to dicarboxylic acid could lead to formation of Ga(OEP)(k1-dicarboxylate-H), if 

http://www.iqmol.org/
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the acid is in slight excess, or leave unreacted Ga(OEP)(OH), if the amount of acid is slightly 

deficient, with both side products potentially being difficult to separate from the desired dimer. 

While syntheses of monomeric porphyrins, such as that of Ga(OEP)(O2CFc) in Chapter 2, use an 

excess of the carboxylic acid to ensure complete conversion of Ga(OEP)(OH) to the 

Ga(OEP)(O2CR), we chose to explore conditions with a slight excess of Ga(OEP)(OH) for the 

dimeric syntheses to avoid formation of Ga(OEP)(k1-dicarboxylate-H), which was expected to be 

harder to separate from the dimeric complex than unreacted Ga(OEP)(OH). Based on the above 

rationale, reactions between the appropriate dicarboxylic acid and 2.1–2.5 equivalents of 

Ga(OEP)(OH) were employed and found to proceed at room temperature in THF (1) or DMF (2, 

3, and 4), with solvent choice depending on the solubility of the diacid, providing the desired 

dimers in impure form. A light pink precipitate was observed to form as the reactions proceeded, 

indicative of the decreased solubility of the porphyrin dimers as compared to Ga(OEP)(OH). The 

crude products were found to be 85%–90% pure by 1H-NMR spectroscopy, which also showed 

the presence of varying levels of Ga(OEP)(OH), Ga(OEP)Cl, and presumed monomeric 

Ga(OEP)(k1-dicarboxylate-H) derivatives, based on the diagnostic meso-H resonances described 

below. Despite much exploration of stoichiometries and reaction conditions, this initial level of 

purity could not be improved upon, and so considerable effort was devoted to developing 

purification procedures. 

Removal of these impurities proceeded along several routes that were devised largely based 

on the varying solubility of 1, 2, 3, and 4, with particular attention paid to removing monomeric 

Ga(OEP)(k1-dicarboxylate-H) derivatives. The dimeric species are less soluble than the parent 

porphyrin and other monomeric impurities in all solvents employed during synthesis and 

purification of the complexes (CH2Cl2, CHCl3, toluene, THF, DMF), with their relative solubility 
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being 1 >> 4 > 2 > 3. This observation led to a straightforward purification route for 2 and 3, which 

involved stirring a suspension of the crude product in CH2Cl2 to extract the impurities, followed 

by filtration and washing with toluene and pentane. 1H-NMR spectra of 2 treated in this way 

(Figures 3.10 and 3.11) indicated that the purity had been improved to 96%, with the sole impurity 

being Ga(OEP)Cl. Attempts to further reduce the amount of this impurity by repeating the above 

treatments did not improve the purity of 2. For 3, the 1H-NMR spectrum after treatment indicated 

a product with a purity of at least 99% (Figures 3.25 and 3.26). A small resonance (< 1% integrated 

intensity) at ca. 1.97 ppm corresponds to the OEP CH3 resonance of a monomeric impurity, 

although it is not diagnostic as to which one. Attempts to treat 4 in a manner similar to 2 and 3 did 

not effectively remove the Ga(OEP)(k1-dicarboxylate-H) impurity due to the relatively higher 

solubility of 4, and so an alternative approach was developed. Here, an additional 0.5 equivalent 

of Ga(OEP)(OH) was added to the crude product dissolved in CHCl3 in order to react with the 

uncapped monomer impurity. After removal of the CHCl3, the product was washed with toluene, 

in which 4 is only sparingly soluble, to remove the excess Ga(OEP)(OH). The meso region of the 

1H-NMR indicated that the material was 96% pure with a 4% Ga(OEP)(OH) impurity; no 

uncapped monomer remained (Figures 3.36 and 3.37). Attempts to further reduce the amount of 

Ga(OEP)(OH) impurity were unsuccessful. Compound 1 was recrystallized from CH2Cl2 layered 

with pentane at –40 °C, which resulted in a purity of 97% (Figures 3.3 and 3.4). 

The dimeric composition of 1–4 was established by 1H-NMR spectroscopy. The strong 

ring current (diamagnetic anisotropy) of porphyrins significantly affects the chemical shifts of 

nuclei located above the porphyrin plane, which, in the porphyrin dimers, includes the bridging 

ligand and the cofacial porphyrin. Thus, the deviations from the typical chemical shifts of the meso 

H, and to a lesser extent, the CH2 and CH3 resonances, relative to the typical porphyrin 
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Ga(OEP)(OH), together with those for the protons of the bridging ligands of 2, 3, and 4 relative to 

the free ligands, provide unique spectral fingerprints for the dimeric structures, as shown in Table 

3.2 and Table 3.3. For 2, 3, and 4, the possibility that the spectra could arise from the analogous 

uncapped monomers is precluded by the chemical shifts of the bridging ligands, which manifest 

bilateral symmetry about their midpoints in the dimers that would be absent in monomers. 

Specifically, the chemical equivalence of the C6H4 resonances in 2, the β resonances in 3 and 4, 

and the o-C6H4 and m-C6H4 resonances in 4 (Table 3.3) confirm the dimeric nature of these 

complexes; all would be expected to split into two sets of doublets given their varying distances 

from the plane of the Ga(OEP), as observed for a monomer such as Ga(OEP)(O2CPh) (Figures 

3.17 and 3.18)  and in other axially ligated Ga(OEP) complexes.56 For 1, which does not have H 

atoms in the bridge, the dimeric nature is confirmed by the strong downfield shift observed for the 

porphyrin resonances of 1 as compared to Ga(OEP)(OH). To further confirm this, the uncapped 

monomeric derivative of compound 1, Ga(OEP)(O2CCO2H) (1m), was synthesized. The synthesis 

proceeded by adding a solution of Ga(OEP)(OH) in THF dropwise to a stirred solution containing 

a large excess of oxalic acid in THF. The product was isolated from the excess oxalic acid by 

extracting the porphyrinic materials into CH2Cl2. 1H-NMR spectra of 1m exhibit chemical shifts 

that are distinct from those observed for compound 1, with meso, CH2, and CH3 resonances at 

10.37 ppm, 4.20 ppm, and 1.96 ppm, respectively; these are very similar to those of Ga(OEP)(OH) 

(δ 10.30, 4.16, 1.97; Table 3.2).  

Table 3.2. 1H-NMR Chemical Shifts (δ) for OEP for 1–4 and Ga(OEP)(OH) in CDCl3. 

 
 

Nuclei 1 2 3 4 Ga(OEP)(OH) 
meso (OEP) 9.75 10.12 9.48 10.46 10.30 
CH2 3.89 4.03 3.32 4.25 4.16 
CH3 1.71 1.78 1.52 1.98 1.97 
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Table 3.3. 1H-NMR Chemical Shifts for Bridging Ligands of 2, 3, 4 and Precursors in CDCl3.  
δ (ppm) 

 Nuclei (Complex) Complex Precursora 
C6H4 (2) 4.00 8.09 
meso (3 / 4) 10.11 / 9.99 10.38 / 10.38 
β1 (3 / 4) 8.82 / 9.03 9.70 / 9.45 
β2 (3 / 4) 6.32 / 8.30 9.47 / 9.06 
NH (3 / 4) –4.52 / –3.60 –3.24 / –3.12 
ortho (4) 7.13 8.44 

meta (4) 5.48 8.34 

a Precursor resonances are for dimethyl-terephthalate, H2BECP,39 and H2BMCPP.41 
 
 Infrared (IR) spectra of 1 (Figure 3.5), 2 (Figure 3.14), 3 (Figure 3.30), and 4 (Figure 3.38) 

exhibit two stretches corresponding to the νas(COO) and νs(COO) modes of the carboxylate groups 

ranging from 1676 cm-1–1656 cm-1 and 1316 cm-1–1234 cm-1, respectively (Table 3.4). The 

observation of large energy differences (> 200 cm-1) between the asymmetric and symmetric 

stretches has previously been suggested to be indicative of a bis(monodentate) κ1:κ1 binding mode 

in bridging oxalates and of a monodentate binding mode in other carboxylate ligands.57-60 The 

absence of stretches in the O–H region confirms the lack of substantial Ga(OEP)(OH) or free 

diacid in the material. In contrast, the IR spectrum of 1m (Figure 3.8) exhibits two sets of νas(COO) 

and νs(COO) stretches along with the characteristic OH stretch at 3300 cm-1, as would be expected 

given the chemical inequivalence of the ligating COO moieties and pendant COOH, respectively. 

Other features in the infrared spectra are consistent with those of metalloctaethylporphyrins.61 

Table 3.4. IR Stretches (cm-1) of νas (COO) and νs (COO) for 1–4. 
 Compound νas (COO) (cm-1) νs (COO) (cm-1) 
1 1676 1234 
2 1656 1282 
3 1659 1298 
4 1665 1316 

 
High-resolution mass spectrometry identified the molecular cation for complexes 2 (Figure 

3.14) and 3 (Figure 3.29). For complexes 1 and 4, no conditions were found under which the 
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molecular ion could be detected; only the [Ga(OEP)]+ fragment was observed. The dimeric nature 

of these complexes was further confirmed by single crystal X-ray diffraction (SXRD) for 2, 3, and 

4, which are discussed in further detail below. No conditions were found for 1 that led to suitable 

crystals. The structure of 1m was also determined (Figure 3.41, Table 3.5) and found to consist of 

a hydrogen-bonded dimer (d(OH…O = 2.765(4) Å), but is otherwise unexceptional.   

 
Figure 3.41. Molecular structure of 1m as determined by X-ray crystallography (50% probability 
ellipsoids). (a) Molecular unit, hydrogen atoms are omitted for clarity; (b) Hydrogen-bonded dimer 
of 1m. 
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3.3.2. Molecular Structures of Dimeric Porphyrin Complexes in the Solid State, Gas 

Phase, and Solution. 

3.3.2.1. Single-Crystal X-Ray Diffraction Studies of Dimeric Porphyrin Complexes. 

Molecular structures for 2–4 in the solid-state were investigated by means of single-crystal X-ray 

diffraction measurements; suitable crystals of 1 could not be obtained despite multiple attempts to 

grow them. The crystal structures confirm the dimer composition of the compounds but are 

markedly different from one another. The crystal structure of 2 (Figure 3.42, Table 3.5) conforms 

largely to expectation, exhibiting a structure in which the Ga(OEP) units are essentially parallel to 

each other. The terephthalate bridging ligand is approximately planar, although rather than 

adopting a roughly perpendicular configuration relative to the Ga(OEP) is oriented with the 

terephthalate and Ga(OEP) planes forming an angle 67.7°. This results in a porphyrin–porphyrin 

separation of 10.2 Å and an offset between the Ga–O axes. The Ga–O–C–O dihedral angle in 2 is 

–43.2°, which is near the typical range for M–O–C–O dihedral angles in other metalloporphyrin 

benzoates62,63 and halobenzoates64-66 (5° to 40°), though tungsten and molybdenum porphyrin 

benzoates have been observed with dihedral angles of 82.0° and 82.7°, respectively.67 
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Figure 3.42. Structure of 2 as determined by X-ray crystallography (50% probability ellipsoids). 
(a) Asymmetric unit, hydrogen atoms are omitted for clarity; (b) Molecular dimer including 
interstitial THF; (c) Side-view of molecular dimer, interstitial THF omitted for clarity. 
 

The crystal structure of 3 (Figure 3.43) is markedly different from that of 2, exhibiting a 

tightly folded conformation with the bridging BCP porphyrin unit nearly parallel to the Ga(OEP) 

units. The distance between the planes of the Ga(OEP) and BCP units is 3.3 Å, which is van der 

Waals contact (Figure 3.43c), indicating that intramolecular π–π stacking interactions likely 
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stabilize this structure. The Ga–O–C–O dihedral angle required to accommodate this folded 

structure is 136.0°. This conformation of the carboxylate group is relatively unusual; the only 

porphyrin crystal structures containing a carboxylate axial ligand that we are aware of that possess 

a similar geometry are the structure and derivatives of β-hematin, Fe and Ga dimers of 

protoporphyrin IX, where the carboxylate substituents on the periphery of the porphyrins bridge 

the metal centers.68-75 The mutual orientation of the Ga(OEP) and H2BCP porphyrins is also similar 

to the structure of slipped cofacial porphyrin or corrole dimers containing nitrogenous bases as 

peripheral substituents on the porphyrin.76-80 One final noteworthy feature of the structure is that 

the carboxylate geometry presents an exposed doubly bonded oxygen atom, which engages in 

hydrogen bonding with the co-crystallized CHCl3 molecules (Figure 3.43b; d(O…H = 2.15 Å)).  
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Figure 3.43. Structure of 3, as determined by X-ray crystallography (50% probability ellipsoids): 
(a) asymmetric unit, with hydrogen atoms and cocrystallized CHCl3 omitted for clarity; (b) dimer 
including cocrystallized CHCl3 (c) space-filling model of dimer, cocrystallized CHCl3 omitted for 
clarity. 
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The crystal structure of 4 (Figure 3.44) also reveals a folded structure with a much different 

Ga(OEP)–phenylcarboxylate geometry than 2, although in this case the phenyl groups of the BCPP 

unit prevent the close intramolecular π–π stacking interactions between the porphyrin macrocycles 

found for 3. The stability of this structure in the solid-state may be derived from intermolecular π–

π stacking interactions between BCPP and Ga(OEP) units between adjacent molecules within the 

crystal (Figure 3.45). The distance between the planes of the H2BCPP and Ga(OEP) C20N4 

macrocycles in adjacent 4 complexes is 3.51 Å, which is near van der Waals contact. 

 

 
Figure 3.44. Structure of 4 as determined by X-ray crystallography (50% probability ellipsoids). 
(a) Molecular unit, hydrogen atoms are omitted for clarity; (b) Side-view of molecular unit. 
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Figure 3.45. Packing of 4 showing intermolecular interactions between BCPP and Ga(OEP) units 
as determined by X-ray crystallography. The relevant BCPP and Ga(OEP) atoms are shown as 
50% probability ellipsoids; all other atoms are shown with a wireframe model for clarity. 
 
Table 3.5. Selected Bond Lengths (Å), Bond Angles (°), and Dihedral Angles (°) for Porphyrin 
Complexes. 
Nuclei  2 3 4a 1m  
Ga(1)–O(1) (Å)  1.889(5) 1.903(4) 1.876(4) / 1.896(4) 1.935(2) 
Ga(1)–N(1) (Å)  2.030(7) 2.015(5) 2.043(6) / 2.035(5) 2.025(3) 
Ga(1)–N(2) (Å)  2.012(7) 2.027(5) 2.018(5) / 2.015(5) 2.024(3) 
Ga(1)–N(3) (Å)  2.024(7) 2.007(5) 1.996(6) / 2.021(5) 2.019(3) 
Ga(1)–N(4) (Å)  2.031(7) 2.031(5) 2.012(6) / 2.028(5) 2.031(3)  
N(1)–Ga(1)–O(1) (°)  93.1(3) 95.1(2) 93.4(2) / 94.30(18) 97.00(11) 
N(2)–Ga(1)–O(1) (°)  101.2(2) 103.13(19) 103.3(2) / 101.16(18) 102.68(11) 
N(3)–Ga(1)–O(1) (°)  106.0(2) 106.66(19) 103.4(2) / 105.78(18) 102.10(11) 
N(4)–Ga(1)–O(1) (°)  96.2(2) 93.55(19) 95.8(2) / 97.00(19) 95.71(11) 
Ga(1)–O(1)–C(1)–O(2) (°)  –43.2(12) –136.0(6) 54.6(9) / 61.1(8) 5.7(6) 

a The structure of 4 exhibits inequivalent Ga(OEP)(O2C) subunits. The second value refers to the 
bond lengths and angles defined by Ga(2), O(3), N(5–8); the dihedral angle is defined by Ga(2), 
O(3), C(2) and O(4). 
 

In contrast to the large differences among the overall and carboxylate coordination 

geometries of 2, 3, and 4, the structures of the Ga(OEP) subunits in these compounds are relatively 

similar. The gallium atom for all three lies approximately 0.3 Å above the C20N4 plane of the 

porphyrin (Figure 3.46), consistent with observations for other Ga(OEP)X complexes.81 In 

addition, the OEP macrocycles generally exhibit saddle-type distortions to various degrees, most 
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prominently in 3 and 4. The planarity of the bridging porphyrin ligands in 3 and 4 is different, with 

the BCP unit in 3 remaining very flat, and the BCPP unit in 4 adopting a saddle-type distortion.  

In sum, these crystals structures confirm the dimeric nature of the complexes and the κ1:κ1 

binding mode of the carboxylate ligands but also demonstrate the conformational flexibility of the 

carboxylate linker, which allows for subtle intra- and intermolecular interactions to dictate the 

overall orientation of the complexes. 
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Figure 3.46. Displacements of Ga(OEP) and bridging porphyrin nuclei from the plane-of-best-fit 
of the C20N4 macrocycles from the crystallographic structure. Displacements are given in units of 
0.01 Å. 
 

3.3.2.2. Gas-Phase Structures of Dimeric Porphyrin Complexes Predicted from 

Density Functional Theory (DFT) Calculations. The molecular structures and conformational 

flexibility of the dimeric complexes in the gas phase, and of their monomeric counterparts, were 
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explored by means of DFT calculations, in order to predict the structure of 1 (for which 

crystallographic data are not available) and better understand the qualitatively different solid-state 

structures observed for 2, 3, and 4. The optimized geometries of 1 and 2 are shown in Figure 3.47. 

The calculated structure of 1 exhibits C20N4 planes of the Ga(OEP)s canted at 15.3° with respect 

to one another. The O(1)–C–C–O(2) dihedral angle is calculated to be –106.9°; this is in reasonable 

agreement with similar copper, nickel, and zinc tetraaza-macrocycle complexes containing 

bridging oxalate ligands, which range from 101.7–103.5,59,82,83 The calculated structure of 2 is 

similar to the crystal structure; the main differences are that the phenyl plane is perpendicular to 

the C20N4 porphyrin macrocycles, instead of at an angle of 67.7˚ as seen in the solid state, and the 

Ga–O–C angle is reduced from 127.7° in the solid-state structure to 122.7° in the calculated 

structure. These modest differences presumably reflect packing forces present in the crystal. 

 
Figure 3.47. Ball-and-stick models of the gas-phase DFT calculated structures of 1 and 2.  
 

For the calculations of 3 and 4, the geometry was optimized from two separate starting 

conformations: one from the crystallographically determined (folded) structure and the other from 
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a hypothetical extended (unfolded) geometry with the bridging porphyrin approximately 

perpendicular to the Ga(OEP) units, similar to the optimized structure for 2. Local minima were 

found for both the extended and folded conformations of 3 (Figure 3.48) and 4 (Figure 3.49). In 

both cases, the geometry resembling the observed solid-state structure was calculated to be more 

stable than the fully extended structure (Table 3.6) when dispersion corrections were included in 

the calculation. The folded structure was not determined to be even locally stable in the absence 

of dispersion corrections (see Section 6.2.1). The relative energies of the folded conformers 

relative to the extended structures are –32.78 kcal/mol for 3 and –9.78 kcal/mol for 4. The larger 

stabilization of the folded conformer found for 3 than 4 is almost certainly the result of the close 

intramolecular π–π stacking interactions in 3, which are absent in 4. Despite 4 appearing to be 

stabilized in the solid state mainly by intermolecular π–π stacking interactions, which do not exist 

in the gas-phase calculated structure, the folded structure of 4 is still calculated to be lower in 

energy than the extended structure. This may be a result of interactions between the phenyl groups 

and the Ga(OEP) macrocycles in this structure, as will be discussed later. The relative energies 

suggest that 3 and, to a lesser extent, 4 could retain their folded conformations in the gas and, 

possibly, solution phase. 
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Figure 3.48. Ball-and-stick models of the gas-phase DFT calculated structures of 3 at local 
minimums in the extended and folded conformations. 
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Figure 3.49. Ball-and-stick models of the gas-phase DFT calculated structures of 4. Local 
minimums were found in extended (above) and folded (below) conformations. 
 
 
 
 
 
 
 
 



 129 

 
Table 3.6. Relative Energies of 3 and 4 in Extended and Folded Conformations. 
Conformation  3 a 4 a 
Extend (kcal/mol)  0.00 0.00 
Fold (kcal/mol)  –32.58 –9.78 

a Energy of extended structures of both 3 and 4 are independently defined as 0.00 kcal/mol. The 
energies of 3 and 4 are not comparable. 
 
Table 3.7. Selected Calculated (DFT) Bond Lengths (Å), Interporphyrin Distances (Å), Bond 
Angles (°), and Dihedral Angles (°) for Extended Porphyrin Complexes.a 
Nuclei  1 2 3 (Extend) 4 (Extend)  
Ga–O (Å)  1.860 1.853 1.858 1.857 
Ga–N(1) (Å)  2.055 2.045 2.036 2.044 
Ga–N(2) (Å)  2.055 2.045 2.045 2.044 
Ga–N(3) (Å)  2.071 2.063 2.070 2.060 
Ga–N(4) (Å)  2.071 2.063 2.051 2.060 
C20N4–C20N4 (Å)b  7.6c 11.9 15.4 24.3 
N(1)–Ga–O (°)  107.8 106.9 108.5 106.4 
N(2)–Ga–O (°)  107.4 106.9 105.3 106.4 
N(3)–Ga–O (°)  97.5 97.1 94.3 97.1 
N(4)–Ga–O (°)  97.9 97.1 97.8 97.0 
Ga–O–C–O (°)  2.4 0.0 –18.0 0.3 

a The Ga(OEP) macrocycles in each porphyrin dimer complex are structurally identical; only one 
value for each quantity is listed that applies to both Ga(OEP) units. b Refers to the distance between 
the planes of best fit of the C20N4 macrocycles. c Reported value is the average distance of the 
C20N4 nuclei to the plane of best fit of the opposite C20N4 macrocycle. 
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Table 3.8. Selected Calculated (DFT) Bond Lengths (Å), Interporphyrin Distances (Å), Bond 
Angles (°), and Dihedral Angles (°) for Folded Porphyrin Complexes. 
Nuclei  3 (Fold)a 4 (Fold)b 
Ga–O (Å)  1.861 1.845 
Ga–N(1) (Å)  2.044 2.038/2.065 
Ga–N(2) (Å)  2.052 2.030/2.047 
Ga–N(3) (Å)  2.047 2.054/2.039 
Ga–N(4) (Å)  2.059 2.051/2.036 
(Ga)C20N4–(H2)C20N4 (Å)c  3.4d 3.6/4.0d 

N(1)–Ga–O (°)  94.6 99.9/98.9 
N(2)–Ga–O (°)  97.0 99.5/99.6 
N(3)–Ga–O (°)  108.5 104.3/105.4 
N(4)–Ga–O (°)  105.8 101.3/100.8 
Ga–O–C–O (°)  –133.0 90.6/74.2 
(Ga)C20N4–(H2)C20N4 (°)e  5.8 35.5/30.5 

a The two Ga(OEP) macrocycles in 3 (Fold) are structurally identical; only one value for each 
quantity is listed that applies to both Ga(OEP) units. b The two Ga(OEP) macrocycles in 4 (Fold) 
are inequivalent; two values for each quantity are listed with the first value referring to the 
Ga(OEP) unit on the left 4 (Fold) of Figure 3.49. c Refers to the distance between the planes of 
best fit of the Ga(OEP) C20N4 macrocycle ((Ga)C20N4) and the H2BCP or H2BCPP macrocycle 
((H2)C20N4). d Reported value is the average distance of the Ga(OEP) C20N4 nuclei to the plane of 
best fit of the H2(BCP) C20N4 macrocycle.  e Refers to the angle between the planes of best fit of 
the Ga(OEP) C20N4 macrocycle ((Ga)C20N4) and the H2BCP or H2BCPP macrocycle ((H2)C20N4). 
 

It is clear from crystal structures and the gas-phase calculations that the gallium–

carboxylate geometry is highly flexible, such that the energetic penalty for rotating the carboxylate 

linkers must be smaller than the stabilization gained from other inter- and intramolecular 

interactions among the porphyrin macrocycles and bridging ligands. To quantify this, the relative 

energies of three model carboxylate complexes, Ga(OEP)(O2CH), Ga(OEP)(O2CCH3), and 

Ga(OEP)(O2CPh), were calculated as a function of Ga–O–C–O dihedral angle (Figure 3.50). 

Ga(OEP)(O2CH) and Ga(OEP)(O2CCH3) both exhibit a minimum energy with a 0° Ga–O–C–O 

dihedral angle. The highest energy conformation is only 6–7 kcal/mol higher, at a Ga–O–C–O 

dihedral angle of 100° for Ga(OEP)(O2CH) and 110° (with D3 dispersion) or 120° (without D3 
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dispersion) for Ga(OEP)(O2CCH3). The relative energy of Ga(OEP)(O2CPh) with respect to the 

Ga–O–C–O dihedral angle is highly sensitive to the inclusion in the calculation of D3 dispersion 

correction, exhibiting with dispersion a minimum energy at 90° that is 0.8 kcal/mol lower in energy 

than at 0°. This orientation allows phenyl–porphyrin π–π stacking. The relatively flat relative 

energy surface calculated for Ga(OEP)(O2CH) and Ga(OEP)(O2CCH3) and the phenyl–porphyrin 

interactions in Ga(OEP)(O2CPh) demonstrate how the conformational flexibility of the 

carboxylate linker allows other intramolecular interactions to dictate the overall molecular 

structures. This also supports, as suggested above, phenyl–OEP interactions contributing to the 

lower energy for 4 in the folded structure compared to the extended structure, although the 

stabilization energy is not directly comparable as the ethyl groups are in different orientations. 

 

 

 

 

 

 

 

 

 

 



  

 
Figure 3.50. Relative energies and optimized geometries of (a) Ga(OEP)(O2CH); (b) Ga(OEP)(O2CCH3); and (c) Ga(OEP)(O2CPh) 
scanning the Ga–O–C–O dihedral angle. The graph (left) shows the relative energy of the Ga(OEP)(O2CR) complex with dispersion 
corrections (black) and without dispersion corrections (red). Selected optimized geometries are shown with the Ga–O–C–O dihedral 
angle fixed at 0° (left), the structure with the maximum (Ga(OEP)(O2CH) and Ga(OEP)(O2CCH3)) or minimum (Ga(OEP)(O2CPh)) 
energy (center), and fixed at 180° (right). 

132 
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3.3.2.3. Molecular Structures of Dimeric Porphyrin Complexes in Solution. The 

diverse solid-state structures exhibited by the porphyrin dimers, particularly the closely folded 

structure for 3, and the general conformational flexibility exhibited by the carboxylate linkage, 

leaves open to question the structure(s) these compounds adopt in solution. This question was 

probed by 1H-NMR and electronic-absorption spectroscopy. 

3.3.2.3.1. Molecular Structures of Dimeric Porphyrin Complexes in Solution as 

Determined from 1H-NMR Chemical Shifts. A number of empirical models have been 

developed for porphyrins and other aromatic systems that relate remote ring-current effects on a 

1H chemical shift to the distance and angle between the atom and the group with large diamagnetic 

anisotropy.84-89 These methods can be used to calculate structural details for compounds in solution 

on the NMR time scale. In order to gain insight into the solution phase structures of the porphyrin 

dimers, we adopted a modified version of a point-dipole model that has previously been shown to 

provide good agreement between calculated and observed chemical shifts in axially coordinated 

porphyrins of known structure.84,85 In this model the porphyrin macrocycle is divided into four 5-

membered and four 6-membered loops; the ring current is represented by point-dipoles located at 

the center of each of these eight loops, with one above and one below the plane of the porphyrin, 

for a total of sixteen point dipoles. For the simplest case of complex 1, the difference in the 

chemical shift of a given resonance between a “normal” monomeric porphyrin and a dimer in 

which the diamagnetic anisotropy of one porphyrin affects the nuclei of the other is provided by 

Equation 3.1, 
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where ΔδR is the calculated change in chemical shift of proton R, μH and μP are constants 

proportional to the magnetic moments of the hexagonal 6-membered and pentagonal 5-membered 

rings, respectively, zPor is the distance from the proton to the plane of the opposing porphyrin, and 

riR and rjR are the distances from proton R to point-dipole i and j, respectively (Figure 3.51). Note 

that the contributions from the porphyrins to which the protons are bonded are not included. The 

values of ΔδR are calculated for a given static molecular structure and then averaged for any 

protons that are observed to be chemically equivalent. 

 
Figure 3.51. Diagram of point dipole model illustrating (a) top-view (above) and side-view 
(below) of sixteen point dipoles overlaid on a porphyrin macrocycle; (b) schematic of geometric 
parameters in Equation 3.1 for a system containing two cofacial porphyrins, showing ri/jR as the 
proton-to-dipole distance and zPor as the proton-to-porphyrin plane distance. 
 
 An additional term is required to model complex 2, because the diamagnetic anisotropy of 

the terephthalate phenyl ring also perturbs chemical shifts. This is described by Equation 3.2, 
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where zPh is the distance from the proton to the plane of the phenyl ring, and rPhR is the distance 

from the proton to the point dipole at the center of the phenyl ring. These considerations also apply 



 135 

to 3, which contains three porphyrins, and 4, which contains three porphyrins and two phenyl rings. 

Equations 3.3 and 3.4 describe 3 and 4, respectively, 
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where zk is the distance from the proton to the plane of the kth porphyrin and zl is the distance from 

the proton to the plane of the lth phenyl ring. 

 In order to use these equations to determine the solution-phase structures of the 

compounds, values of μH and μP are required. These were empirically determined from data for 

complexes 1 and 2, which are expected to have less conformational flexibility than 3 and 4, and 

by adopting Ga(OEP)(OH) as the reference compound for “normal” 1H-NMR chemical shifts of 

the Ga(OEP) unit and dimethyl-terephthalate as the reference compound for the terephthalate 

ligand of 2. The change to the chemical shift of a proton as a consequence of the dimeric structure 

is defined by Equation 3.5, 

∆𝛿567. =	𝛿567. − 𝛿!89.  (3.5) 

where ΔδObs. is the observed change in the chemical shift for a specific proton, δObs. is the chemical 

shift observed for that proton in the complex, and δRef. is the chemical shift observed for the same 

proton in the reference compound. Globally fitting the values of ΔδObs. for 1 assuming the DFT 

optimized geometry and for 2 assuming the solid-state structure provides values for μH and μP of 

20.0 Å3 and 17.8 Å3, respectively. Reasonably good agreement is found between observed and 

calculated values of Δδ across a wide range in chemical shifts (Table 3.9 and Table 3.10). This 

indicates that the molecular structures of 1 and 2 in solution, averaged on the NMR time scale, are 
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very similar to the extended geometries found for 1 in the gas phase from DFT calculations and 

experimentally for 2 in the solid state, in agreement with the assumptions behind the method. The 

empirically determined values of μH and μP are also in good agreement with previously determined 

values (19.3 Å3 and 17.1 Å3, respectively).84  

Table 3.9. Observed and Calculated Changes in 1H-NMR Chemical Shifts of 1.  
Resonance  Δδ (Obs.) Δδ (DFT) 
meso  –0.55 –0.47 
CH2  –0.27 –0.26 
CH3  –0.26 –0.25 
 
Table 3.10. Observed and Calculated Changes in 1H-NMR Chemical Shifts of 2. 
Resonance  Δδ (Obs.) Δδ (SXRD) 
meso  –0.18 –0.18 
CH2  –0.13 –0.20 
CH3  –0.19 –0.25 
C6H4  –4.09 –4.09 
 

The results for 1 and 2 allow prediction of the 1H-NMR chemical shifts for 3 in different 

hypothetical geometries. Given the possibility that the closely folded solid-state structure of 3 

persists in solution, the 1H NMR spectra were measured in two solvents in which its solubility 

differs significantly, based on the hypothesis that differences in solubility might reflect differences 

in structure. These solvents were CDCl3 and 1,2,4-trichlorobenzene-d3, with the latter being the 

better solvent for 3 and the solvent used for surface chemistry experiments described in Chapter 

4. The values of ΔδObs. found for the two solvents are distinctly different, as set out in Table 3.11, 

with the magnitudes in CDCl3 compared with TCB-d3 being larger for the meso (OEP), CH2 

(OEP), CH3 (OEP) and β2 (BCP) resonances but smaller for the meso (BCP), β1 (BCP), and NH 

(BCP) resonances. In CDCl3, the 1H NMR-spectrum of 3 exhibits substantial upfield shifts for all 

resonances relative to reference values. The calculated values (ΔδCalc) for the folded conformer 
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observed in the crystal structure are of similar direction and magnitude to ΔδObs. except for meso 

(BCP), which is calculated to have a slight downfield shift (ΔδObs. = –0.29, ΔδCalc = 0.09). The 

calculated shifts for the extended conformer of 3, which is predicted by DFT to lie much higher in 

energy than the folded conformer in the gas phase, are in much poorer agreement with the observed 

values. While the calculation also predicts that the resonances on the H2BCP subunit should show 

upfield shifts, the values are significantly different from ΔδObs., and, in disagreement with 

observation, predicts Ga(OEP) resonances should exhibit a downfield shift. The poor agreement 

between observed and calculated shifts for the extended conformer of 3 essentially rules out this 

being an important structure in CDCl3 solution, whereas the comparatively good agreement 

between the calculated shifts for the folded conformer and the observed shifts in CDCl3 suggests 

that 3 has a folded structure in this solvent.  

In view of the one notable discrepancy for the folded structure of 3, between observed and 

calculated values for meso (BCP) (ΔδObs = –0.29, ΔδCalc = 0.09), calculations were performed to 

explore the sensitivity of the shifts to structural perturbations to the folded structure. There is too 

large a structural parameter space to use these methods to predict a definitive solution structure,  

but one example of a slightly distorted structure that provides closer agreement with observation 

is the hypothetical structure denoted Rot. in Figure 3.52, for which the planes of the Ga(OEP) units 

are rotated 5° further away from the H2BCP unit than in the crystal structure such that the Ga(OEP) 

macrocycles are canted 8° with respect to the plane of the H2BCP. The calculated shifts of this 

structure (Table 3.11) exhibit an upfield shift for meso (BCP), in roughly quantitative agreement 

with observation, and much better agreement for nearly all other chemical shifts. This is not 

intended to suggest that this perturbed structure is, in fact, the solution-state structure, but to 
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illustrate that the average solution structure in CDCl3 is only slightly perturbed from the folded 

solid-state conformer.  

Table 3.11. Observed and Calculated Changes in 1H-NMR Chemical Shifts of 3.a  

Resonance Δδ Obs. 
(CDCl3) 

Δδ Obs. 
(TCB) 

Δδ Calc. 
(SXRD) 

Δδ Calc. 
(DFT-Extend) 

Δδ Calc. 
(Rot.) 

meso H (OEP) –0.82 –0.06 –1.03 0.12 –0.92 
CH2 (OEP) –0.84 –0.19 –1.01 0.04 –0.79 
CH3 (OEP) –0.45 –0.12 –0.59 0.01 –0.50 
meso H (BCP) –0.29 –1.14 0.09 –0.82 –0.23 
β1 (BCP)b –0.85 –1.43 –0.60 –0.94 –0.80 
β2 (BCP)b –3.17 –2.93 –3.51 –4.38 –3.53 
NH (BCP) –1.18 –2.19 –1.07 –1.76 –1.36 

a Values δRef used to determine δObs for the BCP ligand are for the compound H2BECP. b The H 
atoms β1 and β2 are those on the pyrrole groups nearest and farthest, respectively, from the 
carboxylate group. 
 

 
Figure 3.52. Ball-and-stick model of 3 with planes of OEP units rotated 5º away from BCP unit 
as compared to structure obtained by SXRD. Referred to in Table 3.11 as Rot. 
 
 The changes in the chemical shifts of 3 in TCB-d3 are substantially different than those 

observed in CDCl3 (Table 3.11), as noted above, with Ga(OEP) protons showing smaller 

downfield shifts and H2BCP protons showing larger downfield shifts. These observations are 

inconsistent with the calculated values for the folded structure and much closer to the calculated 

shifts for the extended conformer. Of particular note is that the Ga(OEP) chemical shifts are very 

similar to the reference values, with observed and calculated Δδ values lying in the range –0.20 to 
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0.20, and sizable observed and calculated shifts for the BCP resonances. Overall agreement 

between observation and prediction for the extended structure is not as close as that found above 

for the folded conformer in CDCl3 but the evidence strongly suggests that 3 adopts at least a 

partially unfolded conformation in TCB. The possibility of temperature-induced conformational 

changes of 3 in CDCl3 and TCB was investigated by means of variable-temperature 1H-NMR 

spectroscopy, although only minor changes were observed (Section 6.2.2). 

 The observed chemical shift differences for 4 in CDCl3 (Table 3.12) are in good agreement 

with those calculated for the extended conformation predicted by DFT in the gas phase, and in 

poorer agreement with those calculated for the semi-folded structure observed in the solid state. 

Particularly diagnostic are the shifts for the Ga(OEP) unit and meso and β2 of the BCPP unit. This 

result reinforces the observations from the crystal structure that the partial folding appeared to be 

stabilized by intermolecular porphyrin–porphyrin interactions, which are not present in dilute 

solution.  

Table 3.12. Observed and Calculated Changes in 1H-NMR Chemical Shifts of 4.a 
Resonance  Δδ (Obs.) Δδ (SXRD) Δδ (DFT-Extend) 
meso H (OEP)  0.16 0.06 0.14 
CH2 (OEP)  0.09 –0.02 0.07 
CH3 (OEP)  0.01 –0.18 0.06 
meso H (BCPP)  –0.36 0.09 –0.38 
meta H (BCPP)  –2.86 –2.37 –2.49 
ortho H (BCPP)  –1.31 –1.20 –1.12 
β1 (BCPP)b  –0.40 –0.66 –0.47 
β2 (BCPP)b  –0.73 –0.26 –0.88 
NH (BCPP)  –0.38 –0.34 –0.58 

a Values δRef used to determine δObs for the BCPP ligand are for the compound H2BMCPP. b The 
H atoms β1 and β2 are those on the pyrrole groups nearest and farthest, respectively, from the 
carboxylate group. 
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In conclusion, interpretation of the 1H-NMR chemical shifts indicates that 1, 2, and 4 adopt 

time-averaged extended structures in solution, whereas 3 is significantly folded in CDCl3 solution 

and largely extended in TCB solution. 

3.3.2.3.2. Molecular Structures of Dimeric Porphyrin Complexes in Solution Probed 

by Electronic-Absorption Spectroscopy. In general, the UV-vis spectra of porphyrin compounds 

exhibit absorption bands with characteristics that are specific to the porphyrin substituents and the 

presence and identity of the metal center, and which are known to be perturbed in specific ways 

by intermolecular porphyrin-porphyrin interactions such as those in solution-phase aggregates and 

condensed phases. Thus, the UV-vis spectra of 1–4 can provide insight into the solution-phase 

structures of the compounds that complements those gleaned from 1H-NMR spectroscopy. These 

studies are also essential background for photoluminescence measurements described later in this 

chapter. 

The expectation from the NMR studies is that the electronic spectra of 1, 2, and 4 should 

be consistent with these compounds possessing extended structures in solution, whereas those for 

3 may be solvent dependent owing to the different structures present in CDCl3 (and similar 

solvents) and TCB. This expectation is upheld. The basis for making these assessments is to 

compare the UV-Vis spectra of the dimeric complexes with those for mono-porphyrin model 

compounds to identify any changes associated with the dimer structure. All UV-Vis features are 

summarized in Table 3.13. The spectra of 1 and 1m (Figure 3.53) are very similar to each other 

and to those of other Ga(OEP)X complexes,90,91 displaying prominent Q-bands (S0®S1) at 

identical wavelengths (570, 532, and 499 nm) with comparable intensity patterns. The Soret band 

(S0®S2) of 1 is slightly blue shifted (by 4 nm) compared to the Soret band of 1m. Cofacial 

porphyrin dimers tethered through organic peripheral meso or β linkages are also reported to 
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exhibit blue shifted Soret bands compared with their monomer subuits.92-99 While the shift for 1 is 

relatively small compared to the tethered cofacial porphyrin dimers (8–21 nm), this is reasonable 

because the porphyrin–porphyrin separation in 1 (7.6 Å) is much larger than those in the tethered 

porphyrin dimers (4.3 to ~6.3 Å).93 The UV-Vis spectrum of 2 is similarly consistent with an 

extended structure that lacks porphyrin–porphyrin interactions, based on the fact that its Q and 

Soret bands are nearly superimposable with those of the monomeric model compound 

Ga(OEP)(O2CPh) (Figures 3.54 and 3.55), in both CH2Cl2 and TCB. 

 
Figure 3.53. Overlay of UV-Vis spectrum of 1 (black) and 1m (red) in CH2Cl2. 
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Figure 3.54. Overlay of UV-Vis spectrum of 2 (black) and Ga(OEP)(O2CPh) (red) in CH2Cl2. 
 

 
Figure 3.55. Overlay of UV-Vis spectrum of 2 (black) and Ga(OEP)(O2CPh) (red) in TCB. 
 



 143 

The UV-Vis spectra of 4 in CH2Cl2 and TCB are also fully consistent with this compound 

possessing an extended structure. The comparison to model compounds is somewhat less 

straightforward than for 1 and 2 because the BMCPP linker in 4 is formally a dicarboxylate dianion 

whereas its organic models are neutral. Nonetheless, fitting the spectrum of 4 as a sum of the 

nominal subunits Ga(OEP)(O2CPh) and H2BMCPP, with the relative weights determined by fitting 

to the Q-band region (450 nm–700 nm), provides fairly good agreement, though a very small 

reduction in the intensity of the Soret bands with respect to the Q-bands is observed in CH2Cl2 

(Figure 3.56; spectrum in TCB, Figure 3.57). UV-Vis spectra of multi-porphyrin systems that are 

approximately the sum of the components are typical of orthogonal porphyrin dimers.28,100,101  This 

observation is in agreement with the solution structure based on the 1H-NMR data and further 

suggests that 4 is close to the extended complex in solution.  

 
Figure 3.56. Overlay of UV-Vis spectrum of 4 (black), Ga(OEP)(O2CPh) (blue), H2BMCPP 
(green), and the sum of Ga(OEP)(O2CPh) and H2BMCPP (red) in CH2Cl2. 
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Figure 3.57. Overlay of UV-Vis spectrum of 4 (black), Ga(OEP)(O2CPh) (blue), H2BMCPP 
(green), and the sum of Ga(OEP)(O2CPh) and H2BMCPP (red) in TCB. 
 

 In contrast to the UV-Vis spectra for 1, 2, and 4, the spectra for 3 are strongly solvent 

sensitive in a manner consistent with it possessing a solvent-dependent molecular structure. The 

spectrum in CH2Cl2, which based on 1H NMR spectroscopic data should contain 3 in a folded 

structure similar to that observed in CDCl3, exhibits four Q-bands, with the bands at 535 nm and 

573 nm being the most intense, and an extremely broad Soret band at 400 nm that displays a 

prominent intense shoulder at 389 nm This spectrum was fit to a sum of the components 

Ga(OEP)(O2CPh) and H2BECP (Figure 3.58), in which the relative weights of the components 

were determined by the best fit to the Q-band region from 450 nm to 700 nm. Unlike for porphyrin-

bridged dimer 4, the fit does not exactly overlay the observed spectrum: there is an obvious redshift 

of the Qy(1,0) band observed at 506 nm in 3 compared to that in H2BECP and a slight redshift and 

marked intensity loss for the Qx(0,0) band at 633 nm. Further, the Soret region of 3 shows a 
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significant loss in maximum intensity relative to the components, and its substantial broadening is 

not replicated. These features are consistent with the spectra of slipped cofacial porphyrin 

dimers,76,77,102 and can be qualitatively understood using the molecular exciton model (Figure 

3.59).103 Because the porphyrin macrocycles in the solid-state and CDCl3 solution structures of 3 

are not perfectly coplanar (3° solid, ~8˚ solution), the Soret bands of both the Ga(OEP) and the 

H2BCP components would be expected to split into a higher energy and lower energy transition. 

A small shift in the energy of the Soret band would also be expected due to the xy offset between 

the porphyrin macrocycles, although a significant change in λmax is not observed for 3. Because 

this model predicts four total Soret bands that also may be slightly shifted from their positions in 

the monomeric counterparts, a quantitative description of the Soret band is not possible and we are 

limited to noting that the significant broadening of the Soret band is consistent with a folded 

conformation. 

 
Figure 3.58. Overlay of UV-Vis spectrum of 3 (black), Ga(OEP)(O2CPh) (blue), H2BECP (green), 
and the sum of Ga(OEP)(O2CPh) and H2BECP (red) in CH2Cl2. 
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Figure 3.59. Qualitative energy diagrams of porphyrin monomers and dimers by the molecular 
exciton model showing effect of (a) canted porphyrins; (b) slipped cofacial porphyrins on the 
ground state and excited state energy levels. In both diagrams the ground states are denoted as G 
and the excited states are denoted as E for the monomer and E’ and E’’ for the dimer. The dipole 
phase relation of the excited states is shown to the right of E’ and E’’ in (a). θ refers to the angle 
formed by the porphyrin planes and an scalar connecting the centroids of the porphyrins in (b). 
The transition to E’ is forbidden in (b). The diagrams are adapted from Ref. 103. 
 

The UV-Vis spectrum of 3 in TCB exhibits a significantly narrower Soret band than in 

CH2Cl2, although this spectrum still cannot be described as the sum of the Ga(OEP)(O2CPh) and 

H2BECP spectra (Figure 3.60). The changes in the Q-bands are also less in TCB than in CH2Cl2. 

These observations are consistent with the 1H-NMR data in TCB that suggest the complex adopts 

a structure that is unfolded to some degree, although the NMR data appear to be closer to the fully 

extended conformer than the UV-vis data. We do not have an explanation for the slightly different 

structural inferences provided by 1H-NMR and UV-vis spectroscopy. 
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Figure 3.60. Overlay of UV-Vis spectrum of 3 (black), Ga(OEP)(O2CPh) (blue), H2BECP (green), 
and the sum of Ga(OEP)(O2CPh) and H2BECP (red) in TCB. 
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Table 3.13. Electronic-Absorption Band Maxima (nm) and Relative Intensities of Porphyrin 
Dimers and Model Compounds. 
Complex  Solvent λ, nm (rel. int.) 
1  CH2Cl2 338 (5.9), 383 (25.0), 396 (100), 499 (0.5), 532 (3.6), 570 (5.4) 
1m  CH2Cl2 335 (4.6), 380 (11.6), 400 (100), 499 (0.5), 532 (3.4), 570 (5.2) 
2  CH2Cl2 335 (5.5), 382 (15.6), 399 (100), 499 (0.5), 532 (3.8), 570 (5.8) 
  TCB 336 (4.9), 384 (12.6), 404 (100), 501 (0.5), 534 (3.8), 572 (6.3) 
Ga(OEP)(O2CPh)  CH2Cl2 335 (4.4), 381 (11.3), 400 (100), 499 (0.4), 532 (3.3), 571 (5.0) 
  TCB 336 (4.4), 384 (10.3), 405 (100), 500 (0.5), 534 (3.5), 572 (5.8) 
H2BECP  CH2Cl2 400 (100), 500 (4.5), 537 (4.0). 576 (1.9), 630 (2.8) 
  TCB 407 (100), 503 (4.6), 541 (4.3), 579 (3.0), 634 (3.1) 
3  CH2Cl2 339 (12.3), 389 (75.9), 400 (100), 506 (3.5), 535 (6.6), 572 

(9.8), 633 (0.3) 
  TCB 338 (8.1), 403 (100), 506 (2.4), 535 (5.0), 573 (7.6), 634 (0.3) 
H2BMCPP  CH2Cl2 365 (7.6), 389 (22.2), 408 (100), 502 (4.4), 537 (1.9), 575 (1.4), 

630 (0.6) 
  TCB 368 (6.0), 395 (20.1), 414 (100), 506 (4.0), 541 (1.9), 579 (1.3), 

634 (0.5) 
4  CH2Cl2 336 (5.5), 380 (13.9), 401 (100), 411 (34.8), 503 (1.8), 533 

(3.4), 571 (4.8), 633 (0.2) 
  TCB 336 (4.3), 383 (11.3), 405 (100), 416 (33.6), 506 (1.7), 535 

(3.2), 572 (5.0), 634 (0.1) 
 

3.3.3. Electronic Structures and Properties of Dimeric Porphyrin Complexes.  

3.3.3.1. DFT Calculations of the Electronic Structures of Dimeric Porphyrin 

Complexes. The porphyrinic frontier orbitals of the compounds were calculated by DFT to 

investigate whether they show important features that are a consequence of their particular 

molecular structures. Compounds 1 and 2 are discussed separately from the more complex 

porphyrin-bridged dimers 3 and 4. Kohn-Sham orbitals were calculated at the optimized 

geometries for 1, 1m, 2 and Ga(OEP)(O2CPh) (Table 3.14). Under D4h symmetry, the four frontier 

(“Gouterman”) orbitals of a metalloporphyrin are expected to consist of two closely spaced filled 

orbitals (HOMO and HOMO–1) and a doubly degenerate LUMO (Figure 3.61, left). A porphyrin 
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dimer with non-interacting orbitals should exhibit double this set of orbitals at the same energies, 

with the monomer HOMO becoming a dimer pair labeled HOMO and HOMO–1, the monomer 

HOMO–1 becoming a dimer pair denoted HOMO–2 and HOMO–3, and the monomer degenerate 

LUMO/LUMO+1 becoming in the dimer LUMO/LUMO+1/LUMO+2/LUMO+3 (Figure 3.61, 

center). If the orbitals are strongly interacting the degenerate occupied and unoccupied orbitals are 

expected become non-degenerate (Figure 3.61, right).  

Table 3.14. Frontier Orbital Energies (eV) of 1, 1m, 2, and Ga(OEP)(O2CPh).  
Orbital  1 1m 2 Ga(OEP)(O2CPh) 
LUMO+3  –1.975  –2.061  
LUMO+2  –1.976  –2.061  
LUMO+1  –1.980 –2.362 –2.065 –2.170 
LUMO  –1.980 –2.366 –2.065 –2.173 
HOMO  –4.919 –5.300 –4.997 –5.106 
HOMO–1  –4.919 –5.494 –4.998 –5.281 
HOMO–2  –4.954  –5.168  
HOMO–3  –5.075  –5.170  
 

 
Figure 3.61. Qualitative molecular orbital diagram of the frontier orbitals for a porphyrin 
monomer (left), a non-interacting porphyrin dimer (center), and a strongly interacting porphyrin 
dimer (right).  
 

Based on the orbital energies of 1, the porphyrin-porphyrin interactions are fairly small.  

The HOMO/HOMO–1 pair of 1 are isoenergetic, the HOMO–2/HOMO–3 pair are split by 121 
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meV, and the LUMO-through-LUMO+3 set of orbitals span only a 5 meV range. These small 

splittings are qualitatively consistent with the small shift in the Soret band of 1 relative to 1m (by 

30 meV) noted earlier. Complex 2 exhibits splittings of ≤ 4 meV across the various pairs of 

orbitals, consistent with even smaller interporphyrin interactions. 

For 3 and 4, the extended and folded conformers are calculated to possess significantly 

different electronic structures. The extended conformers of 3 and 4 are essentially the sum of the 

components, with the calculated orbitals having entirely Ga(OEP) or H2BCP/H2BCPP parentage; 

selected examples are plotted in Figure 3.62 and Figure 3.63, respectively. The energies of the first 

six occupied and unoccupied calculated orbitals, along with the energies of H2BECP and 

H2BMCPP ligands are found in Table 3.15. Similar to 2, two pairs of isoenergetic occupied orbitals 

and four nearly isoenergetic unoccupied orbitals of primarily Ga(OEP) parentage are calculated, 

along with two occupied and two unoccupied orbitals of H2BCP or H2BCPP parentage. In contrast, 

molecular orbitals of the folded structures of 3 and 4 that possess the appropriate symmetry are 

calculated to be significantly delocalized across both the Ga(OEP) and either H2BCP or H2BCPP 

units, respectively. This delocalization results in the loss of degeneracy of both the occupied and 

unoccupied orbital energies. The calculated molecular orbitals suggest that the physical properties 

of 3 and 4 should be substantially altered if they adopt the folded conformation. 
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Figure 3.62. Highest occupied and lowest unoccupied molecular orbitals of primarily Ga(OEP) 
and H2BCP parentage of 3 (extend). Selected occupied and unoccupied molecular orbitals with 
both Ga(OEP) and H2BCP parentage of 3 (fold). 
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Figure 3.63. Highest occupied and lowest unoccupied molecular orbitals of primarily Ga(OEP) 
and H2BCPP parentage of 4 (extend). Selected occupied and unoccupied molecular orbitals with 
both Ga(OEP) and H2BCPP parentage of 4 (fold). 
 



 

Table 3.15. Frontier Orbital Energies (eV) and Parentage of 3 and 4 in Extended and Folded Conformers and H2BECP and 
H2BMCPP. 
 Orbital Energy (eV) (Parentage) 
Orbital 3 (Extend) 3 (Fold) H2BECP 4 (Extend) 4 (Fold) H2BMCPP 
LUMO+5 –1.606 (H2BCP) –2.095 (OEP/H2BCP)  –2.004 (H2BCPP) –2.262 (OEP/H2BCPP)  
LUMO+4 –1.851 (H2BCP) –2.177 (OEP/H2BCP)  –2.068 (H2BCPP) –2.263 (OEP/H2BCPP)  
LUMO+3 –2.190 (OEP) –2.200 (OEP)  –2.183 (OEP) –2.274 (OEP/H2BCPP)  
LUMO+2 –2.190 (OEP) –2.223 (OEP/H2BCP)  –2.183 (OEP) –2.284 (OEP)  
LUMO+1 –2.205 (OEP) –2.239 (OEP) –2.552 –2.187 (OEP) –2.290 (OEP) –2.501 
LUMO –2.207 (OEP) –2.354 (OEP/H2BCP) –2.996 –2.187 (OEP) –2.361 (OEP/H2BCPP) –2.640 
HOMO –4.614 (H2BCP) –4.981 (BCP) –5.691 –4.810 (H2BCPP) –5.033 (H2BCPP) –5.370 
HOMO–1 –4.700 (H2BCP) –5.064 (OEP/H2BCP) –5.729 –5.103 (H2BCPP) –5.199 (OEP) –5.611 
HOMO–2 –5.134 (OEP) –5.143 (OEP)  –5.120 (OEP) –5.217 (OEP)  
HOMO–3 –5.136 (OEP) –5.264 (OEP/H2BCP)  –5.121 (OEP) –5.366 (OEP/H2BCPP)  
HOMO–4 –5.305 (OEP) –5.297 (OEP/H2BCP)  –5.298 (OEP) –5.374 (OEP/H2BCPP)  
HOMO–5 –5.308 (OEP) –5.341 (OEP/H2BCP)  –5.298 (OEP) –5.403 (OEP)  
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3.3.3.2. Electrochemical Studies. The electrochemistry of the porphyrin dimers was 

studied to explore whether their redox potentials manifest effects of porphyrin–porphyrin 

interactions. These would be expected to be largest for 1, which has the shortest porphyrin–

porphyrin distance among dimers with extended structures, and 3, which is folded in low-polarity 

solvents such as CH2Cl2 and CHCl3. The electrochemical properties of the porphyrin dimer 

complexes were investigated by means of square-wave voltammetry in CH2Cl2. This method was 

employed instead of cyclic voltammetry (CV) because the low solubility of the compounds limited 

the quality of the CV data. We will utilize the descriptors of Le Mest et al.,92 common to the 

electrochemistry of porphyrin dimers, to describe the various features, i.e. an oxidative or reductive 

process refers to abstraction or addition of one electron per porphyrin ring, respectively; features 

refer to individual resolvable waves regardless of the number of electrons. The potentials of all 

redox features are set out in Table 3.16.  

The redox potentials of 1 were observed to manifest porphyrin–porphyrin interactions. The 

oxidative scan of 1 exhibits three features (Figure 3.64a). The first two oxidation features are at 

0.431 V and 0.595 V vs. FeCp20/+. These potentials bracket the first oxidation of 1m at 0.544 V 

(Figure 3.65a). The third oxidative feature of 1 is observed at 1.031 V, very similar to 1m (1.028 

V). The relative areas of the first and second oxidative features of 1 compared to that of the third 

oxidative feature suggests that the first and second features represent a sequential one-electron 

steps and the third oxidation may be a simultaneous two-electron oxidation or two sequential one-

electron steps with a ΔE too small to be resolved. The fact that the third oxidative feature is broad 

(FWHM = 170 mV) compared to both the first and second oxidation features (FWHM = 131 mV) 

and to the internal ferrocene standard (FWHM = 139 mV) suggests that two sequential one-

electron steps is more likely. In the reductive scan of 1 (Figure 3.64b), only one feature is observed 
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at –1.887 V. This potential is negative by 55 mV from that of 1m at –1.832 V (Figure 3.65b). The 

feature is also broader than that for the ferrocene internal standard, which may indicate that the 

reduction process takes place as two non-resolvable one-electron steps. In summary, the notable 

features of the electrochemistry of 1 are the splitting of the first oxidation process, the lack of 

resolved splitting on the second oxidative process and the first reductive process, and the shifts of 

the first oxidation feature to a less positive potential and first reduction to a more negative potential 

as compared to 1m. Understanding these features requires consideration of the interactions 

between the two porphyrin rings.  

 
Figure 3.64. Square-wave voltammograms (frequency = 25 Hz, amplitude = 50 mV) of 1 in 
CH2Cl2 with 0.1 M (NBu4)(PF6). (a) oxidative scan; (b) reductive scan. 
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Figure 3.65. Square-wave voltammograms (frequency = 25 Hz, amplitude = 50 mV) of 1m in 
CH2Cl2 with 0.1 M (NBu4)(PF6). (a) oxidative scan; (b) reductive scan. 
 

Two possible explanations for the differences between the redox properties of 1 and 1m 

are that they reflect for the dimer (1) Coulombic effects between the two porphyrin rings upon 

introduction of charge, or (2) orbital interactions between the porphyrin rings resulting in 

delocalized redox events. In the limit of two porphyrin rings without orbital mixing where 

Coulombic repulsion dominates, the positive charge on the first oxidized porphyrin should increase 

the first oxidation potential of the other porphyrin. The splitting between the first oxidation 

potentials of the two porphyrins, ΔΕ, can be modeled using a dielectric continuum model104-106 

captured in Equation 3.6, 

∆𝐸 = $
:;<==&=!/1>

+ 36	𝑚𝑉  (3.6) 

where ε is the dielectric constant of the solution (solvent plus electrolyte), εo is the vacuum 

permittivity constant, and Rij is the distance between the planes of the two porphyrins. The 

dielectric constant of neat CH2Cl2 is 8.93;107 it will be larger for a solution containing 0.1 M 

[NBu4][PF6]. This latter dielectric constant has not been reported, but it has for CH2Cl2 containing 

either 0.1 M [NBu4][BF4] (ε = 14.1)108 or 0.1 M [NBu4][ClO4] (ε = 12.5).109 Experiments by Geiger 



 157 

et al. indicate that [NBu4][PF6] in CH2Cl2 likely increases ε by less than the other electrolytes, 

suggesting that 8.93 < ε < 12.5.110 Based on these values and the porphyrin–porphyrin separation 

calculated by DFT (7.6 Å), the predicted ΔE would be 188 mV–248 mV. This range is larger than 

the experimentally observed ΔE of 164 mV. A key physical deficiency in this model is that it is 

strictly applicable to point dipoles, whereas a porphyrin cation will be diffuse due to π-

delocalization, which may contribute to the overestimation of the predicted ΔE. Further, it does 

not explain why the first oxidation potential of 1 is less positive, why the first reduction potential 

of 1 is more negative than that of 1m, or why the splitting is not observed in the second oxidation 

feature or the reduction feature, which, while broader than the ferrocene reference, nonetheless 

must possess values of ΔE of only ~80 mV based on their FWHM. 

An alternative explanation is that the splitting of the first oxidation process into two 

features is caused by orbital interactions between porphyrin rings (Figure 3.61, left) that lead to 

the formation of delocalized π-radical cations.77,92,95,111-114 The shifts in the first oxidation process 

and the first reduction process are also consistent with these systems, where a shift of 130 mV for 

the first oxidation potential to less positive potentials and a shift of 200 mV for the first reduction 

potential to more negative potentials was observed for a (Zn)2 cofacial porphyrin with a spacing 

of 3.80 Å.92 However, the separation between the porphyrin planes in 1 is larger than those of other 

systems. Electron paramagnetic resonance92,113 or NIR spectroelectrochemical measurements112,113 

have previously been used to gain insight into the extent of delocalization and could help to identify 

the origin of the effect, though regardless of the explanation, these observations certainly confirm 

the dimeric nature of 1. 

 The electrochemical features of 2 (Figure 3.66) can be explained analogously to 1. No 

splitting of the first oxidation process is observed, though this feature along with the first reductive 
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feature are broadened with respect to the internal ferrocene standard suggesting a potential two 

step processes. The second oxidation process appears as a single peak, presumably a one-step two 

electron process. The further separation between the porphyrin rings (11.9 Å) in 2 as compared to 

1 would limit the splitting regardless of whether it results from Coulombic repulsion or the 

coupling between the porphyrin rings, so the non-resolvable redox processes are not surprising. 

Deconvoluting the first oxidation feature with two gaussian functions, with FWHMs equal to the 

second oxidation process and the ferrocene internal standard (125 mV), results in a ΔE of roughly 

60 mV, smaller than what would be predicted for a separation of using the dielectric continuum 

model (133–172 mV), though the same caveats with respect to the diffuse nature of the porphyrin 

orbitals as 1 would apply here. 

 
Figure 3.66. Square-wave voltammograms (frequency = 25 Hz, amplitude = 50 mV) of 2 in 
CH2Cl2 with 0.1 M (NBu4)(PF6). (a) oxidative scan; (b) reductive scan. 
 
 The electrochemistry of 3 and 4 are expected to exhibit redox features corresponding to 

both the Ga(OEP) unit and the bridging porphyrin H2BCP and H2BCPP for 3 and 4, respectively. 

As the folded structure of 3 would be expected to result in strong interporphyrin interactions that 

may complicate the interpretation of the redox features, the electrochemistry of 4 will be discussed 

first. The square-wave voltammogram of 4 (Figure 3.67a) exhibits three oxidative features at 0.524 
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V, 0.672 V, and 1.052 V. The first oxidation potential is consistent with being localized on the 

Ga(OEP) because it is similar to that of Ga(OEP)(O2CCH3) (0.550 V), and the second oxidation 

potential is localized on the H2BCPP unit based on the lower intensity of this feature and the 

agreement with the first oxidation potential of H2BMCPP (Figure 3.68a; 0.644 V). The relative 

area of the third oxidation feature compared to the first and second oxidation features suggests that 

it is localized on the H2BCPP unit, though the Ga(OEP) unit also would be expected to be oxidized 

near this potential given the oxidation potentials observed for Ga(OEP)(O2CCH3) and 2. As 4 is 

unfolded in CH2Cl2, the electrochemistry is expected to be similar to the sum of its constituent 

parts, as has been observed for other porphyrin dimers and trimers containing orthogonal porphyrin 

units.101 The reductive scan of 4 (Figure 3.67b) exhibits two partially overlapping features at –

1.552 V and –1.764 V; the first reductive feature is consistent with H2BMCPP (Figure 3.68b; –

1.516 V), the second reductive feature exhibits a relative area roughly twice that of the first 

reductive feature consistent with being localized on the Ga(OEP)(O2CCH3) and is shifted to a 

potential 56 mV less negative than Ga(OEP)(O2CCH3).   

 
Figure 3.67. Square-wave voltammograms (frequency = 25 Hz, amplitude = 50 mV) of 4 in 
CH2Cl2 with 0.1 M (NBu4)(PF6). (a) oxidative scan; (b) reductive scan. 
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Figure 3.68. Square-wave voltammograms (frequency = 25 Hz, amplitude = 50 mV) of H2BMCPP 
in CH2Cl2 with 0.1 M (NBu4)(PF6). (a) oxidative scan; (b) reductive scan. 
 

The square-wave voltammogram of 3 (Figure 3.69a) reveals three oxidative features at 

0.524 V, 0.744 V, and 1.040 V, that are consistent with the oxidations of monomeric counterparts, 

Ga(OEP)(O2CCH3) and H2BECP (Figure 3.70a). These potentials are very similar to 4, with the 

second oxidation potential shifted by 72 mV, which is in agreement with the observed shift 

between H2BECP and H2BMCPP (68 mV). The relative area of the third oxidation potential 

suggests it is localized on the Ga(OEP) unit, in agreement with the lack of an observed second 

oxidation of H2BECP near this potential. The apparent similarity of the electrochemistry of 3 and 

its constituent parts is surprising given the proximity of the porphyrin rings in the folded 

conformation observed in CH2Cl2, where effects of greater magnitude to those for 1 would be 

expected. The apparent lack of electrostatic repulsion or porphyrin ring interactions may indicate 

that the complex unfolds upon oxidation, though typically π-radical cations are stabilized by 

porphyrin–porphyrin ring interactions, even forming supramolecular dimers in solution and the 

solid-state.115-118 The reductive scan of 3 (Figure 3.69b) exhibits two features at –1.636 V and –

1.864 V. The voltammogram also exhibits a large rising baseline as the potentials become more 

negative. The first and second reductions can be tentatively assigned to H2BCP and Ga(OEP) based 
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on the observation that H2BECP (Figure 3.70b) is more easily reduced than Ga(OEP)(O2CCH3) 

and the greater relative area of the second reduction feature compared to the first reduction feature. 

These assignments would indicate that the first reduction potential is 400 mV negative of the first 

reduction potential of H2BECP and the second reduction potential is shifted 44 mV to more 

negative potentials than Ga(OEP)(O2CCH3). The reductive features, then, are not definitively 

suggestive of either a folded or an unfolded conformation, because the strongly shifted H2BCP 

reduction would be expected for a folded conformation and the minimally shifted Ga(OEP) 

reduction for an unfolded conformation. Furthermore, we currently do not understand the large 

rising baseline observed at very negative voltage. Voltammetry at more negative voltages could 

be helpful in confirming the identity of these features and understanding the rising baseline, though 

we are limited by the electrochemical window of CH2Cl2 and the very limited solubility of 3 in 

other common electrochemical solvents. 

 
Figure 3.69. Square-wave voltammograms (frequency = 25 Hz, amplitude = 50 mV) of 3 in 
CH2Cl2 with 0.1 M (NBu4)(PF6). (a) oxidative scan; (b) reductive scan. 
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Figure 3.70. Square-wave voltammograms (frequency = 25 Hz, amplitude = 50 mV) of H2BECP 
in CH2Cl2 with 0.1 M (NBu4)(PF6). (a) oxidative scan; (b) reductive scan. 
 
Table 3.16. Oxidation and Reduction Features (V vs. FcCp20/+) of Porphyrin Dimers and 
Precursors in CH2Cl2. 
 Voltage (V vs. FcCp20/+) 
Complex Ox. 1 Ox. 2 Ox. 3 Red. 1 Red. 2 Red. 3 
1 0.431 0.595 1.031 –1.887   
1m 0.544 1.028  –1.832   
2 0.480 0.964  –1.860   
Ga(OEP)(O2CCH3)a 0.550 0.980  –1.820   
H2BECP 0.712   –1.236 –1.588  
3 0.524 0.744 1.040 –1.636 –1.864  
H2BMCPP 0.644 1.056  –0.432b –1.516 –1.876 
4 0.524 0.672 1.052 –1.552 –1.764  

a From Ref. 90, measurements in CH2Cl2 with 0.1 M [NBu4][ClO4], referenced to FeCp20/+ couple. 
b This feature is a result of an unidentified impurity as it exhibited batch to batch intensity 
dependence, though it has been observed in all samples of H2BMCPP. 
 
 3.3.3.3. Fluorescence Spectroscopy. The emission spectra of the dimeric complexes and 

their monomeric counterparts were studied to further probe for inter-porphyrin interactions. 

Emission spectra were obtained using an excitation wavelength of 530 nm, which for multi-

porphyrin compounds 3 and 4 provides excitation for both the Ga(OEP) and bridging porphyrins. 

Emission features for all dimers and monomeric counterparts are listed in Table 3.17. The spectra 

of 1 (Figure 3.71) and 2 (Figure 3.73) in CH2Cl2 are essentially indistinguishable from those for 
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the porphyrin monomer 1m (Figure 3.72) and Ga(OEP)(O2CPh) (Figure 3.75), indicating they do 

not manifest porphyrin–porphyrin interactions. They exhibit a prominent band at 574 nm, a second 

band at 630 nm that is roughly half as intense, and a tail out to approximately 750 nm. These 

spectra are in general agreement with those for other Ga(OEP)L complexes.119 The spectra in TCB 

for 2 (Figure 3.74) and Ga(OEP)(O2CPh) (Figure 3.76) are red-shifted by 2 nm, similar to the 

observation in the UV-vis spectra.  The fact that the fluorescence spectra of 1 and 2 do not exhibit 

effects due to porphyrin–porphyrin interactions is consistent with observations for other 

metalloporphyrin dimers, where effects are observed only when the porphyrin–porphyrin 

separation is less than 5 Å.93 

 
Figure 3.71. Emission spectrum of (Ga(OEP))2(μ-O2CCO2) (1) in CH2Cl2 (λex = 530 nm). 
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Figure 3.72. Emission spectrum of Ga(OEP)(O2CCO2H) (1m) in CH2Cl2 (λex = 530 nm). 
 

 
Figure 3.73. Emission spectrum of (Ga(OEP))2(μ-O2CC6H4CO2) (2) in CH2Cl2 (λex = 530 nm). 
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Figure 3.74. Emission spectrum of (Ga(OEP))2(μ-O2CC6H4CO2) (2) in TCB (λex = 530 nm). 
 

 
Figure 3.75. Emission spectrum of Ga(OEP)(O2CPh) in CH2Cl2 (λex = 530 nm). 
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Figure 3.76. Emission spectrum of Ga(OEP)(O2CPh) in TCB (λex = 530 nm). 
 

The emission spectra for 3 and 4 are more complex than those for 1 and 2 because they 

contain two different porphyrins with distinct absorption-band maxima. This makes their emission 

intensity profiles dependent on excitation wavelength and potentially subject to intramolecular 

excited-state energy-transfer processes. The spectra of 4 are discussed first because, unlike 3, its 

molecular structure is not solvent dependent. The emission bands of 4 in CH2Cl2 (Figure 3.77) are 

observed at 574, 635, and 700 nm. These are quite close to expectation from the emission maxima 

of the model compounds for its components, namely Ga(OEP)(O2CPh) (Figure 3.75; 574 and 630 

nm) and H2BMCPP (Figure 3.79; 635 and 699 nm), allowing the 574 nm band to be assigned to 

the Ga(OEP) unit, the 635 nm band as having contributions from both Ga(OEP) and the bridging 

H2BCPP units but being dominated by the latter, given its closer wavelength agreement, and the 

699 nm band arising from H2BCPP. Given that excitation at 530 nm is largely absorbed by the 
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Ga(OEP) center, the prominence of the H2BCPP contributions to the emission spectrum is 

suggestive of Ga(OEP)®H2BCPP singlet–singlet energy transfer. The observations for 4 (Figure 

3.78) and model compounds in TCB solution (Figures 3.76 and 3.80 for Ga(OEP)(O2CPh) and 

H2BMCPP, respectively) are similar to those in CH2Cl2, as expected. 

 
Figure 3.77. Emission spectrum of (Ga(OEP))2(μ-BCPP) (4) in CH2Cl2 (λex = 530 nm). 
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Figure 3.78. Emission spectrum of (Ga(OEP))2(μ-BCPP) (4) in TCB (λex = 530 nm). 
 

 
Figure 3.79. Emission spectrum of H2BMCPP in CH2Cl2 (λex = 530 nm). 
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Figure 3.80. Emission spectrum of H2BMCPP in TCB (λex = 530 nm). 
 

In order to investigate energy transfer further, excitation spectra were obtained at an 

emission monitoring of 710 nm, where only the H2BCPP unit exhibits emission. In CH2Cl2 the 

excitation spectrum exhibits a weak band at 626 nm, corresponding to the H2BCPP-derived 

absorption band at 634 nm, and strong bands near 530 nm and 570 nm (Figure 3.81). Based on the 

intensity of the 626 nm band, the bands at 530 and 570 nm are far too intense to be consistent with 

H2BCPP absorption and instead are clearly dominated by absorption bands of the Ga(OEP) unit 

that maximize at these wavelengths. These bands are significantly more intense than the band at 

500 nm, which is attributable to the absorption of H2BCPP at 502 nm. These characteristics (and 

nearly identical ones in TCB solution, Figure 3.82) indicate the operation of facile 

Ga(OEP)®H2BCPP energy transfer in 4. Interporphyrin singlet–singlet energy transfer has been 

observed in other orthogonal mixed metallo- and free-base porphyrin dimers and trimers.28,100,101  
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Figure 3.81. Excitation spectrum of (Ga(OEP))2(μ-BCPP) (4) in CH2Cl2 (λem = 710 nm). 
 

 
Figure 3.82. Excitation spectrum of (Ga(OEP))2(μ-BCPP) (4) in TCB (λem = 710 nm). 
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The emission spectra for 3 resemble those for 4 but with differences arising from the fact 

that it is folded in CH2Cl2 solution and unfolded in TCB solution. Like 4, the emission spectra of 

3 in both solvents (Figures 3.83 and 3.84) exhibit three bands, at 574 nm (in CH2Cl2; 576 nm in 

TCB), 635 nm (639 nm TCB), and 705 nm (both solvents). As found for 4, the 574/576 nm band 

is coincident with a band for the Ga(OEP) unit, the 635/639 nm band contains contributions from 

the bridging H2BCP (638/644 nm; Figures 3.85 and 3.86)) and Ga(OEP) (630/632 nm) units, and 

the 705 nm band is due to the H2BCP. In contrast to these similarities, the relative intensities of 

the three bands are substantially different in the two solvents. In TCB, in which 3 has an unfolded 

structure, the band at 576 nm is weak relative to the other two bands. The overall emission profile 

is qualitatively similar to that for 4 in CH2Cl2 and TCB, and similarly suggestive of analogous 

Ga(OEP)®H2BCP energy transfer. In CH2Cl2, however, the 574 nm band is stronger than the 

other two bands. While this seemingly suggests energy transfer is comparatively inefficient, the 

folded conformation may also substantially alter the fluorescence profile. Studies of cofacial 

porphyrin dimers with rigid aromatic spacers (Figure 3.1b) containing two free-base porphyrins 

((H2)2) or two zinc porphyrins ((Zn)2) have demonstrated that the fluorescence quantum yield is 

substantially quenched as the porphyrin–porphyrin separation decreases because interporphyrin 

interactions increase the non-radiative decay rate.93,120 The molecular structure of 3 in the folded 

conformation exhibits distinct environments for H2BCP and Ga(OEP), where H2BCP is 

surrounded by two Ga(OEP) porphyrins, while the Ga(OEP) porphyrins each exhibit close 

porphyrin–porphyrin interactions on only one face (Figure 3.43c). This may lead to differential 

quenching of the H2BCP and Ga(OEP) fluorescence. The 5 nm redshift of the 705 nm band of 3 

compared to H2BECP (700 nm) in CH2Cl2 is indicative of significant porphyrin–porphyrin 

interactions; redshifts of 5 nm and 12 nm in the emission bands were observed for (H2)2 porphyrin 
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dimers at separations of 4.32 Å and 3.80 Å, respectively, compared to the monomeric porphyrin.93 

In contrast, no shift is observed for the 574 nm Ga(OEP) emission compared to Ga(OEP)(O2CPh), 

indicating that porphyrin–porphyrin interactions may alter the fluorescence of H2BCP more 

significantly than Ga(OEP). As the fluorescence profile of 3 in CH2Cl2 does not unequivocally 

demonstrate energy transfer, excitation spectra of 3 were obtained. Excitation spectra of 3 in 

CH2Cl2 (Figure 3.87) and TCB (Figure 3.88) are qualitatively similar to each other and to those of 

4, with the spectra being dominated by the Ga(OEP) absorption bands near 530 nm and 570 nm, 

despite the emission being entirely from H2BCP at the emission monitoring of 710 nm. The bands 

at 500 nm (in CH2Cl2; 500 nm in TCB) and 629 nm (629 nm in TCB) correspond to the free base 

absorption bands at 506 nm (506 nm in TCB) and 633 nm (634 nm in TCB). These characteristics 

indicate the operation of facile Ga(OEP)®H2BCP energy transfer in 3 in both CH2Cl2 and TCB. 

 
Figure 3.83. Emission spectrum of (Ga(OEP))2(μ-BCP) (3) in CH2Cl2 (λex = 530 nm). 
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Figure 3.84. Emission spectrum of (Ga(OEP))2(μ-BCP) (3) in TCB (λex = 530 nm). 
 

 
Figure 3.85. Emission spectrum of H2BECP in CH2Cl2 (λex = 530 nm). 
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Figure 3.86. Emission spectrum of H2BECP in TCB (λex = 530 nm). 
 

 
Figure 3.87. Excitation spectrum of (Ga(OEP))2(μ-BCP) (3) in CH2Cl2 (λem = 710 nm). 
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Figure 3.88. Excitation spectrum of (Ga(OEP))2(μ-BCP) (3) in TCB (λem = 710 nm). 
 
Table 3.17. Emission Band Maxima (nm) and Relative Intensities. 
Complex  Solvent λ, nm (rel. int.) 
1  CH2Cl2 574 (100), 630 (45.7) 
1m  CH2Cl2 574 (100), 630 (44.1) 
2  CH2Cl2 574 (100), 630 (43.2) 
  TCB 576 (100), 632 (44.0) 
Ga(OEP)(O2CPh)  CH2Cl2 574 (100), 630 (43.6) 
  TCB 576 (100), 632 (42.9) 
H2BECP  CH2Cl2 638 (100), 700 (36.0) 
  TCB 644 (100), 705 (34.8) 
3  CH2Cl2 574 (100), 635 (73.0), 705 (51.4) 
  TCB 576 (28.1), 639 (100), 705 (86.5) 
H2BMCPP  CH2Cl2 635 (100), 699 (93.5) 
  TCB 639 (100), 704 (90.7) 
4  CH2Cl2 574 (26.4), 635 (100), 700 (93.3)  
  TCB 576 (16.8), 639 (100), 704 (98.6) 
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3.4. Conclusions 

  A series of cofacial gallium porphyrin dimers utilizing dicarboxylate bridging ligands have 

been synthesized and characterized. A model for the chemical shifts of these compounds that uses 

the diamagnetic anisotropy of the porphyrin to provide general conformational analysis of solution 

state structures indicates 3 is folded in CDCl3 because of the presence of strong intramolecular π–

π interactions observed in the crystal structure, but exhibits an extended structure in TCB. These 

findings are confirmed by electronic-absorption spectra for 3 in these solvents. Compounds 1, 2, 

and 4 exhibit extended structures in solution, based on similar analyses. 

 The effect of dimerization on the electrochemical properties was investigated. Notably, 1 

exhibits clear evidence of perturbation from the monomer 1m, consistent with porphyrin–

porphyrin interaction; future investigations could seek to determine the origin of this effect, 

including electron paramagnetic resonance or NIR spectroelectrochemical measurements. 

Electronic emission and excitation spectra of 3 and 4 both exhibit clear evidence of energy transfer 

from the OEP to the free-base bridging porphyrins. Future efforts will be directed towards 

quantifying this energy transfer using time-resolved measurements. 

 While the dimeric porphyrin complexes that have been synthesized here were selected in 

order to exhibit a wide range of porphyrin–porphyrin separations, the simple synthetic requirement 

of a ligand containing two sterically unencumbered carboxylic acids suggests that a wide variety 

of bridging ligands could be incorporated. One interesting route would be to incorporate bridging 

ligands that exhibit complementary functionality to the porphyrins, such as a catalyst that could be 

photosensitized by the porphyrin. Furthermore, there is significant synthetic space to explore, 

including utilizing six-coordinate metalloporphyrins to form extended structures or developing 

different binding motifs, expanding the scope of these systems beyond carboxylate-based linkers. 
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CHAPTER 4 

Self-assembly of Cofacial Porphyrin Dimers on HOPG: Double-Decker Monolayers for 

Intercalation of C60 

4.1. Introduction 

The development of methods for organizing functional molecules and nanoparticles on 

atomically smooth surfaces with nanoscale precision promises applications in on-surface 

synthesis, catalysis, quantum information science, and optoelectronics.1-8 Supramolecular self-

assembly provides a means towards achieving this goal whether the self-assembled systems are 

functional themselves9-13 or serve as a template for further functionalization, such as through 

covalent modification of the surface14-16 or non-covalent organization of functional components, 

as in host–guest type networks.17-21 In Chapter 2, two approaches towards patterning functional 

molecules were explored on monolayer TMDs, investigating the self-assembly of 

metalloporphyrins and of 5-coordinate metalloporphyrins modified with a covalently bound redox-

active ligand. In this chapter, we turn our attention towards host–guest type systems. 

Surface-confined host–guest systems have been utilized for the confinement of a wide 

variety of guest species and have been investigated under conditions ranging from low-temperature 

ultra-high vacuum (LT-UHV) to the solid–liquid interface at ambient temperature.22-27 These 

systems have often utilized a host species that forms a porous network on atomically flat surfaces; 

both porphyrins18,20 and, to a much greater degree, fullerenes17,18,28-49 have been investigated as 

guest species in these systems. The particular interest in fullerenes as a guest species has arisen for 

a number of reasons. First, given the electronic and optical properties of pristine fullerenes and 

their numerous derivatives, they have often been a target for incorporation into a variety of devices 

including solar cells, optoelectronics, and as molecular qubits, which often require the fullerenes 
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to possess spatial periodicity or be organized with respect to other electroactive components.50-57 

Second, incorporation by non-covalent methods allows for the use of synthetically scalable pristine 

fullerenes with their attendant properties or specific derivatives with desired properties, as opposed 

to covalent assembly methods which require fullerene tethers that can be both synthetically 

challenging to install and result in the modification of fullerene properties. Third, fullerenes are 

only known to form monolayers without a template under limited conditions,58-62 and often suffer 

from instability or the formation of multilayers.60 

Host–guest supramolecular networks specifically targeting fullerenes as guests have 

utilized a variety of strategies. One approach has utilized porous networks of molecular tectons 

(Figure 4.1a), such as carboxylic acids,17,28-34 other hydrogen bonded networks18,35 and covalent 

organic frameworks (COFs).36-39 A second approach has explored pre-fabricated porous molecules 

that form ordered assemblies (Figure 4.1b), such as oligothiophenes,17,33,40,41 and shape-persistent 

macrocycles.42-44 Another approach is to employ organic molecules onto which fullerene can 

directly adsorb (Figure 4.1c). Porphyrins have been targeted for use as hosts in these types of 

systems given their known affinity for fullerenes in both the solution63-65 and solid state,66-69 but 

fullerene incorporation has only been observed under UHV,45-48 electrochemical conditions,49 or 

as a bicomponent guest within a porous network.18 Despite the incorporation of fullerenes into 

these systems, many of the host networks fall short of an ideal system, exhibiting non-specific 

adsorption of the guest,18,29,33-40,43,48,49 demanding deposition and imaging conditions,17,18,34,35,43,45-

48 or low guest incorporation.28-30,41,48 Previous research in our group sought to develop a new 

assembly motif to address these issues using 5-coordinate gallium porphyrins with axial fullerene 

affinity groups such as pyrenes, thiophenes, or porphyrins to induce assembly of fullerenes into 

the corral-like structure formed by the axial ligand, with the structure defined by the surface 
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porphyrin unit-cell (Figure 4.1d). In contrast to previous approaches, the surface structures of these 

systems would be highly tunable using the well-established relationships between the peripheral 

substituents of the porphyrin and monolayer structure, capable of producing patterns with varying 

periodicity or altering the size of the corral to accommodate various guests. The axial ligand could 

also be altered independently to tune the guest affinity in search of highly stable specific guest 

adsorption. Deposition of these complexes with C60 resulted in selective adsorption of the fullerene 

into the nano-corral under ambient conditions.70 However, these systems still suffered from a 

significant fraction of empty adsorption sites even at high fullerene concentrations, and 

desorption/adsorption events were observed on the STM time scale at the solid–liquid interface. 

 
Figure 4.1. Cartoon depiction of literature approaches for organizing fullerene using host-guest 
type architectures. (a) Fullerene adsorbed within porous network formed from assembled 
molecular tectons; (b) fullerene adsorbed within pore of pre-fabricated molecule adsorbed on the 
surface; (c) fullerene adsorbed directly onto adsorbed molecule; (d) fullerene adsorbed onto 
molecular adlayer with axial affinity groups. 
 

Building on this approach, we hypothesized that a monolayer of porphyrin dimers, such as 

those synthesized in Chapter 3, would be an attractive system to template the organization of 
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fullerenes into the nanocavities formed upon monolayer formation, as illustrated in Figure 4.2, 

where one porphyrin dictates self-assembly on the surface and the other is supported above the 

surface. A bridging ligand between these two porphyrins serves as both a fullerene affinity group 

and as a spacer to tailor the distance between the porphyrins, and thus the z-dimension of the 

nanocavity, resulting in a structure that is more reminiscent of fullerenes encapsulated within 

MOFs71,72 than surface-confined porous networks. This type of nanocavity then exhibits the 

previous advantages of the nano-corral approach along with potential improvements of providing 

greater interaction with the fullerene due to the off-surface capping porphyrin and a structure that 

is expected to kinetically trap the fullerene upon incorporation into the lattice, preventing 

desorption even under thermodynamically unfavorable conditions.73-75 Furthermore, these systems 

have the potential for additional derivatization; one can envision a heterometallic porphyrin dimer, 

where a six-coordinate metal would enable post-hoc functionalization of the monolayer.  

 
Figure 4.2. Cartoon depiction of self-assembly processes of the pristine porphyrin dimers (above) 
and mixtures of porphyrin dimers and C60 (below) investigated in this study. 
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 While the self-assembly of 4-coordinate metalloporphyrins on atomically flat surfaces has 

been extensively studied along with, to a lesser extent, 5-coordinate metalloporphyrins, the self-

assembly of porphyrin dimers is comparatively much less studied. Several examples of porphyrin 

and related phthalocyanine dimers have been examined under both UHV and ambient conditions, 

though these have typically involved “sandwich-type” complexes of the form Por-Ln-Por where 

Ln is a metal center from the lanthanide series and Por are porphyrins or the related 

phthalocyanines; the macrocycles in these systems are essentially in van der Waals contact, 

separated by 3.3–3.5 Å.76-83 To the best of our knowledge, the only reports of ligand-bridged 

metalloporphyrins studied by STM are the several reports of transiently observed µ-oxo 

manganese porphyrin dimers.84,85 As the porphyrin dimers studied here (Chart 4.1) are 

significantly larger than those described previously in the literature and, as established in Chapter 

3, possess significant structural flexibility, it is unknown whether stable monolayers of these 

complexes will form. Contributing to this uncertainty, recent work in our group examined several 

porphyrin dimers based on the tetradecylporphyrin and found that the formation of ordered 

monolayers was observed with a terephthalate bridging ligand, but not with a pyrene dicarboxylate 

ligand.86 Therefore, the self-assembly of the pristine porphyrin dimers will be examined prior to 

the investigation of their ability to entrain fullerenes. 
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Chart 4.1. Porphyrin dimers studied on HOPG. (a) (Ga(OEP))2(μ-O2CCO2) (1); (b) 
(Ga(OEP))2(μ-O2CC6H4CO2) (2); (c) (Ga(OEP))2(μ-BCP) (3); (d) (Ga(OEP))2(μ-BPCP) (4). 
Porphyrin dimers are shown in a fully extended geometry for clarity of the bridging ligand. 
 
 In this chapter, the propensity of porphyrin dimers 1–4 to form stable ordered monolayers 

on HOPG at the solid–liquid interface was investigated by STM. For 2–4, which are predicted to 

form a nanocavity of a suitable size for C60, the co-deposition of the porphyrin dimers and C60 was 

subsequently explored. The bridging ligands in these systems are expected to engender the formed 

nanocavities with distinct combinations of size and fullerene affinity, ranging from nanocavities 

that are well-suited to the size of the fullerene but with low fullerene affinity (2), both well-suited 

to the size of the fullerene and with high fullerene affinity (3), and poorly suited to the size of the 

fullerene, but with high fullerene affinity (4), allowing for the exploration of how these variables 

affect the effectiveness of these complexes as templates for fullerene organization.  In support of 

the STM studies, DFT calculations were utilized to determine the adsorption energy of C60 in these 

systems and simulate STM images. 
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4.2. Experimental Section 

4.2.1. Materials. Compounds 1, 2, 3, and 4 were synthesized as described in Chapter 3. 

1,2,4-Trichlorobenzene (99%, Oakwood Chemical), C60 (99.9%, SES Research), and hexanes 

(ACS Certified, Fisher Chemical) were used as received.  

4.2.2. STM Measurements. Highly oriented pyrolytic graphite (HOPG) (SPI-2 grade, SPI 

supplies) substrates were mounted to metal specimen discs (12 mm diameter, 0.91 mm thickness) 

with colloidal silver paste (PELCO, Ted Pella). The surface of the HOPG substrate was cleaved 

with adhesive tape prior to deposition. 4 µL of a 1,2,4-trichlorobenzene solution containing the 

porphyrin complex or a pre-mixed solution of the porphyrin complex and C60 was deposited onto 

the surface of the HOPG. STM data were acquired using a Digital Instruments Nanoscope IIIa 

standalone STM. Tips were either mechanically cut from Pt0.8Ir0.2 wire (Goodfellow) or obtained 

as 8 mm pre-cut Pt0.8Ir0.2 probes (Bruker). STM studies of molecular monolayers on HOPG were 

undertaken at room temperature in constant-current mode at the HOPG–1,2,4-trichlorobenzene 

interface. Measurements of the underlying HOPG in these samples were obtained in constant-

height mode. For each sample where a unit cell is reported, an image of the underlying graphite 

was acquired in both up- and down-scan directions of the STM. The data for the porphyrin 

overlayers were corrected after acquisition for instrumental drift in the SPIP software package87 

using a correction factor obtained from the image of the underlying graphite in the same scan 

direction and the lattice parameters of graphite. Data analyses were performed using Gwyddion 

software.88 Images were flattened, 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 
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distances of 100 sets of 5 consecutive porphyrin molecules, and the unit-cell angle was the average 

of 40 measurements. 

4.2.3. Single-Crystal X-Ray Diffraction Studies. 

4.2.3.1. General Information. Crystals of 2•(C60)2•C6H3Cl3 were grown at room 

temperature by vapor diffusion of hexanes into a solution of 1.0 equivalent of 2 and 0.9 equivalents 

of C60 in 1,2,4-trichlorobenzene.X-ray diffraction experiments were performed by Dr. Alexander 

Filatov. Diffraction data were measured at 100 K on a Bruker D8 VENTURE diffractometer 

equipped with a microfocus Mo-target X-ray tube (λ = 0.71073 Å) and PHOTON 100 CMOS 

detector. Data were collected using ω scans to survey a sphere of reciprocal space. Data reduction 

and integration were performed with the Bruker APEX3 software package (Bruker AXS, version 

2017.3-0, 2018). Data were scaled and corrected for absorption effects using the multi-scan 

procedure as implemented in SADABS (Bruker AXS, version 2014/5).89 The structure was solved 

by SHELXT (Version 2018/2)90 and refined by a full-matrix least-squares procedure using 

OLEX291 (XL refinement program version 2018/3)92 Crystallographic data and details of the data 

collection and structure refinement are listed in Table 4.1. 
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Table 4.1. Crystal Data and Structure Refinement for 2•(C60)2•C6H3Cl3. 
Empirical formulaa  C80H92Ga2N8O4 • 2 C60 • C6H3Cl3  
Formula weight  2991.68  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  13.659(3)  
b/Å  13.670(3)  
c/Å  21.741(4)  
α/°  95.677(4)  
β/°  105.073(4)  
γ/°  115.329(4)  
Volume/Å3  3438.8(11)  
Z  1  
ρcalcg/cm3  1.445  
μ/mm-1  0.522  
F(000)  1532.0  
Crystal size/mm3  0.25 × 0.137 × 0.094  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.58 to 50.554  
Index ranges  -16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -26 ≤ l ≤ 26  
Reflections collected  29629  
Independent reflectionsb  12408 [Rint = 0.1006, Rsigma = 0.1763]  
Data/restraints/parameters  12408/1403/1002  
Goodness-of-fit on F2 c  1.068  
Final R indexes [I>=2σ (I)]d,e  R1 = 0.1500, wR2 = 0.2928  
Final R indexes [all data]d,e   R1 = 0.2193, wR2 = 0.3232  
Largest diff. peak/hole / e Å-3  0.83/-1.06  

a Additional diffuse contribution to electron density was observed from solvent filled voids. A 
solvent mask was calculated and revealed electron count consistent with partial occupancy of 2 
additional molecules of hexanes per formula unit.  b Rint = S | Fo2 - <Fo2> | / S | Fo2|. c Goodness-of-
fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2; n: number of independent reflections; p: number of refined 
parameters. d R1 = S | | Fo| - | Fc|| / S| Fo|. e wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

 
 4.2.3.2. Structure Refinement. All atoms were refined with anisotropic thermal 

parameters except those of C60, which were severely disordered. The terephthalate ligand and 

interstitial 1,2,4-trichlorobenzene also exhibited disorder. All three moieties were modeled with 
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two orientations (Figure 4.3). Some geometric and thermal parameter restraints were utilized to 

model the disordered units. The crystal also contained disordered solvent molecules located in 

large solvent accessible voids. The diffuse contribution to scattering was accounted for by applying 

a solvent mask algorithm93 as implemented in OLEX2. The algorithm located voids centered at (–

0.111 0.359 0.750) and (0.111 0.641 0.250), each with a volume of 176 Å3 and an electron count 

of 42. This is consistent with a partially occupied hexane molecule.   

 

 
Figure 4.3. Molecular structure 2•(C60)2•C6H3Cl3 as determined by X-ray crystallography (50% 
probability ellipsoids). Both orientations used to model the C60, terephthalate and 1,2,4-
trichlorobenzene are shown. 
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 4.2.4. DFT Methodology. Calculations of porphyrin complexes with and without C60 were 

performed for gas-phase systems using plane-wave density functional theory (PW-DFT) within 

Quantum Espresso (version 6.1).94 The generalized gradient approximation in the optB86b-

vdW95,96 formulation was used. This models the exchange and correlation interactions using the 

optB8697 functional and the dispersion interactions with the vdw-DF98-101 method. Optimized 

norm-conserving Vanderbilt (ONCV) pseudopotentials were used.102,103 A wavefunction cutoff 

energy of 60 Ry was used and the wavefunctions were sampled at the Γ point. Gaussian smearing 

with a width of 0.001 Ry was included to ensure smooth convergence of the self-consistent field 

(SCF). Structures and adsorption energies were tested for convergence with respect to the 

wavefunction cutoff energy, k-points, and smearing width. Geometry optimizations were 

performed with convergence thresholds on the total energy and total forces of 10–4 Ry and 10–3 

Ry, respectively, for the ionic minimization and 10–8 Ry for the electronic energy during the SCF 

process. The x and y dimensions of the simulation cells were defined as the smallest integer 

multiple of the experimentally determined unit cells that contained the appropriate periodicity; in 

most systems this was a 1 ´ 1 unit cell. For several systems a 2 ´ 2 unit cell was utilized to isolate 

a non-periodic structure or for a structure with a larger periodicity. For all systems a vacuum layer 

of 30 Å in the c direction was added to avoid interactions within the periodic system. The 

optimization of isolated C60 was carried out in a 30 Å ´ 30 Å ´ 30 Å cell to ensure isolation with 

respect to periodic images. Cell parameters for all systems are listed in Table 4.2. The influence 

of HOPG on the geometry of the porphyrin complex was accounted for by first calculating the 

optimized structure of the porphyrin complexes in the presence of a 1L graphene sheet. The 

structure of the graphene-adsorbed porphyrin was frozen in its optimized geometry and the 

graphene was removed for all subsequent calculations to reduce the computational cost. STM 
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images were simulated using the Tersoff–Hamann approximation104 and utilized a k-point grid of 

1 ´ 1 ´ 1 using the Monkhorst and Pack105 method. A single layer of graphene was added into 

these systems after optimizing the structure of the porphyrin and fullerene, after which the 

electronic structure was recalculated in order to properly align the Fermi level of the system with 

experimental systems. The z-coordinate for simulating these images passed through the plane of 

the upper porphyrin, which was chosen after various z-coordinates were tested; the results of these 

benchmarking calculations are discussed in Chapter 6.3.1. Molecular models were built using 

CrystalMaker software.106 Simulated STM images were plotted using OriginPro software.107 

Table 4.2. Lattice Parameters of Simulation Cells and Number of Porphyrin Complexes for PW-
DFT Calculations of Porphyrins and Porphyrin/Fullerene Assemblies. 
System a (Å) b (Å) c (Å) α (°) β (°) γ (°) Na 
Isolated C60 30.00 30.00 30.00 90 90 90 n/a 
2 and 2:C60 14.90 14.90 45.00 90 90 90 1 
2 and 2:C60 (Tilt) 29.80 29.80 45.00 90 90 90 1 
2 and 2:C60 (Vacancy) 29.80 29.80 45.00 90 90 90 3 
3 and 3:C60 14.90 14.90 51.00 90 90 90 1 
4 and 4:C60 14.90 14.90 60.00 90 90 90 1 

a Number of porphyrin complexes within the PW-DFT simulation cell. All simulations included 
either zero or one C60. 
 

For each gas-phase calculation, the solvation energy was determined with a corresponding 

condensed-phase calculation in Gaussian16 using the B3P86 functional,108,109 LANL2DZ effective 

core potential basis set110,111 for Ga atoms, and the 6-31G* basis set for all other atoms. The 

optimized geometries obtained from the gas-phase PW-DFT calculations were used to construct 

supercells (if applicable) to explicitly model all interactions between C60 and the porphyrin dimer. 

Solvation energies were computed using the SMD module. The solvent parameters used for 1,2,4-

trichlorobenzene are listed in Table 4.3. A similar approach has been used to calculate adsorption 

energies of porphyrins on HOPG in 1,2,4-trichlorobenzene.112 
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Table 4.3. SMD Solvent Parameters for 1,2,4-Trichlorobenzene. 
Parameter value 
ε 2.24a 

n2 2.47a 

α 0.00b 

β 0.04b 

γ 56.3c 
Φ 0.667 
Ψ 0.333 
r 1.98 

a From Ref. 113. b From Ref. 114. c From Ref. 115. 
 
4.3. Results and Discussion 

4.3.1. Self-Assembly and STM Imaging of Porphyrin Dimer Monolayers on HOPG. 

The deposition of 4 µL of a 0.5 mM solution of 1, 2, 3, and 4 in 1,2,4-trichlorobenzene (TCB) onto 

the basal plane of HOPG under ambient conditions results in self-assembly of ordered monolayers 

of the porphyrins, which are observed immediately upon engaging the STM tip (Figure 4.4). The 

arrays formed by 1, 2, and 4 (Figure 4.4a, b, and d) span domains of at least 50 nm ´ 50 nm. While 

monolayers of 3 have not been observed with complete coverage over a 50 nm ´ 50 nm domain, 

continuous coverage of 3 along the fast-scan axis (horizontal) of the STM over 50 nm (Figure 

4.4c) suggests that the smaller extent of domains of 3 observed along the slow-scan axis (vertical) 

of the STM is either an imaging artifact or due to delamination of the monolayer of 3 during 

imaging. None of the samples exhibit features consistent with formation of multilayers, e.g., 

regions with features of similar size and periodicity, but exhibiting greater apparent height. 
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Figure 4.4. Large-scale STM images (50 nm ´ 50 nm) of monolayers of 1, 2, 3, and 4 on HOPG 
at the solid–liquid interface (TCB, 0.5 mM): (a) 1, I = 40 pA, V = –900 mV; (b) 2, I = 40 pA, V = 
–700 mV; (c) 3, I = 100 pA, V = –1100 mV; (d) 4, I = 40 pA, V = –700 mV. 
 

In smaller-scale images of the monolayers, individual molecules appear as ring-like 

features similar to those seen in previous studies of 5-coordinate gallium porphyrins on HOPG at 

the solid–liquid interface (Figure 4.5).116 Unit-cell analyses (Table 4.4) show that all porphyrin 

monolayers exhibit a square lattice of approximate dimension 1.50 nm ´ 1.50 nm. The unit-cell 

parameters are statistically indistinguishable from each other and from those found for Ga(OEP)Cl 
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(Table 4.4) and previously reported for Co(OEP) HOPG in TCB solvent.112 This indicates that the 

porphyrin molecules within monolayers of 1–4 are arranged such that one gallium porphyrin unit 

of the dimer is adsorbed face-on to HOPG, with the second porphyrin being supported above the 

surface by the bridging ligand. Cross-sectional profiles reveal apparent heights that range from 

0.04–0.15 nm. These apparent heights are considerably shorter than the calculated heights of the 

fully extended dimers (0.77–2.45 nm; see Chapter 3, Table 3.7), but because STM data are a 

convolution of both the physical and electronic structure, apparent heights frequently diverge from 

actual heights; thus, it is not possible to deduce the porphyrin–porphyrin face-to-face distance in 

the monolayer from these data.84,116,117  
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Figure 4.5. STM images (25 nm ´ 25 nm) and cross-sectional profiles of monolayers of 1, 2, 3, 
and 4 on HOPG at the solid–liquid interface (TCB, 0.5 mM): (a) 1, I = 40 pA, V = –900 mV; (b) 
2, I = 40 pA, V = –700 mV; (c) 3, I = 100 pA, V = –1100 mV; (d) 4, I = 40 pA, V = –700 mV. The 
cross-sectional profiles are taken along the white lines shown in the STM image. 
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Table 4.4. Unit-Cell Parameters of Monolayers of Porphyrin Dimers on HOPG at the Solid–Liquid 
Interface. 

 
The square lattice observed in these systems contrasts with the pseudo-hexagonal lattice 

observed for monolayers of 4- and 5-coordinate porphyrins deposited on HOPG from 1-

phenyloctane, as reported in Chapter 2 and numerous other studies. A recent study by Gurdumov, 

et al., of Co(OEP) in TCB on HOPG showed that the stabilization of the square pseudopolymorph 

is a result of co-adsorption of TCB, which through STM imaging was observed to adsorb coplanar 

with HOPG in the vacancy at the center of each Co(OEP) unit cell.112 TCB has also been observed 

to co-adsorb within other molecular monolayers.118-122 In the present study, STM current 

corresponding to TCB was not observed in any of the images of 1–3. To understand whether the 

absence of TCB features is due to differences between the experimental conditions of the present 

and previous studies or, instead, is a consequence of the fact that 1–3 are porphyrin dimers rather 

than monomers, a systematic study of the bias-voltage dependence of STM images of monolayers 

of Ni(OEP) on HOPG at the TCB–solid interface was conducted (Section 6.3.2). Features 

attributable to co-adsorbed TCB within monolayers of Ni(OEP) can be observed in the bias-

voltage regime in which the images of 1–3 were obtained. We conclude that absence of TCB 

features in the STM images of 1–3 is the result of their dimer structures, imaging of which requires 

an STM tip height too far from the co-adsorbed TCB to allow its observation.  

STM images of monolayers of 4 differ from those for 1–3 because they exhibit small, 

periodic features between the porphyrin features that constitute the square lattice (Figure 4.6). The 

features are observed as two narrow peaks located ~0.5 nm and ~1 nm from the preceding 

Parameter 1 2 3 4 Ga(OEP)Cl 
a (nm) 1.50 (3) 1.48 (3) 1.50 (3) 1.50 (2) 1.50 (3) 
b (nm) 1.50 (3) 1.47 (3) 1.49 (3) 1.49 (5) 1.45 (3) 
Γ (deg) 90 (3) 89 (1) 90 (1) 90 (3) 91 (1) 
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porphyrin feature along the diagonal of the unit cell. They are not centered within the square lattice 

of 4, and therefore are not due to co-adsorbed TCB. While some porphyrins are known to assemble 

on HOPG at the solid–liquid or solid–air interface in an edge-on orientation,123-127 an edge-on 

orientation of 4 would require the features to be separated by approximately 2.5 nm, inconsistent 

with the observed spacing. One possible explanation for this observation is that it arises from an 

offset of the upper and lower porphyrin macrocycles allowing simultaneous STM imaging of both 

and/or the bridging porphyrin. 

 
Figure 4.6. Small-scale STM image (10 nm ´ 10 nm) and cross-sectional profile of 4 monolayer 
on HOPG at the solid–liquid interface (TCB, 0.5 mM,) I = 40 pA, V = –700 mV. 
 

The possibility that the STM images for 1–4 instead exhibit a monolayer formed from 

impurities was considered because the procedures for synthesizing and purifying the compounds 

provides them in 96–99% purity (see Chapter 3). Given that the concentration of 1–4 employed 

for STM measurements is 0.5 mM, the concentration of porphyrinic impurities in these samples 

would range from roughly 5–20 µM; thus, the possibility that the monolayers observed using 

samples of 1–4 consist entirely of Ga(OEP)X impurities is remote. To confirm this, the 

concentration threshold for STM detection of a monolayer of Ga(OEP)Cl in TCB on HOPG was 

investigated and determined to be roughly 1.0 mM (Section 6.3.3), which is 2–3 orders of 

magnitude higher than the concentration of these impurities in samples of 1–4. While this excludes 
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the formation of complete monolayers porphyrin impurities, the possibility that some porphyrinic 

impurities may be incorporated into the monolayer cannot be rigorously excluded. No obvious 

defects consistent with impurities have been observed. 

To gain insight into the possible 3D structures of the monolayers, PW-DFT geometry 

optimizations were performed for 1–4 utilizing the average experimental lattice parameters to 

establish the simulation cell. The resulting structures are shown in Figure 4.7. In these calculations, 

the structure of the surface-adsorbed gallium octaethylporphyrin was frozen in an ethyl-up 

conformation; all other atoms were optimized without constraint. One caveat of note is that these 

calculations are for the gas phase and therefore do not account for solvation effects that may play 

a role in determining molecular geometries. The calculated structures of 1 and 2 (Figure 4.7a and 

b) predict the second porphyrin is supported above the surface with the bridging ligand roughly 

perpendicular to the cofacial octaethylporphyrins. For the porphyrin-bridged complexes 3 and 4 

the bridging ligand adopt a canted conformation with respect to the surface-bound porphyrin, 

although, as noted in Chapter 3, the Ga–carboxylate linkage is quite flexible and a number of other 

porphyrin conformations presumably are similar in energy. The angle between the planes-of-best-

fit of the surface-confined octaethylporphyrin and the bridging porphyrin ligand in 3 is 80º (Figure 

4.7c). To the preceding point, local minimums can be found for a monolayer of 4 in two 

conformations, one with an angle between the surface-confined and bridging porphyrins of 59º 

(Figure 4.7d), resulting in a significant offset between the two cofacial octaethylporphyrins (Figure 

4.7e). The other structure adopts a conformation with an angle of 77º (Figure 4.7f), similar to the 

conformation of 3. Notably, the structure in Figure 4.7d and e is determined to be 0.24 eV more 

stable than the structure in Figure 4.7f. Such a structure could be envisioned as presenting three 
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distinct STM-imageable porphyrins, consistent with the experimental data for the monolayer of 4 

showing two features with a distinct periodic relationship to the main porphyrin square lattice. 

 
Figure 4.7. CPK Models of the DFT calculated structures of porphyrin monolayers of (a) 1; (b) 2; 
(c) 3; (d) side-view of lowest energy structure of 4; (e) top-view of lowest energy structure of 4; 
(f) alternate structure of 4.   
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4.3.2. STM Imaging of Monolayers of 2 Containing Intercalated C60. Co-deposition of 

premixed TCB solutions of 2 and C60 onto HOPG results in self-assembly of ordered overlayers 

that exhibit STM images that are distinct from those observed for 2 in the absence of C60 (Figure 

4.8). Qualitatively, the images exhibit interpenetrating square lattices of brighter and dimmer 

features. The cross-sectional profile shows that these correspond, respectively, to a taller and 

broader feature that appears similar to the porphyrin signals observed in monolayers of 2, and a 

distinct shorter and narrower feature. The relative height of the shorter and narrower features 

compared to the taller and broader features is sample dependent but both features are always 

present when 2 and C60 are co-deposited. Structural analysis of the unit cells (Table 4.5) defined 

by the two features indicates they have the same lattice parameters, which are indistinguishable 

from those of a monolayer of pure 2. In order to determine which feature corresponds to 2, an 

analysis of the apparent height and apparent width of features in the monolayers of 2:C60 and 2 

was conducted (Table 4.6). The apparent heights of the features cannot distinguish the various 

species, but the apparent widths demonstrate that the broader feature likely corresponds to 2. This 

means that the additional feature is attributable to one of three possible molecules: (1) a second 

porphyrin; (2) TCB, as observed previously for monolayers of Co(OEP) and in our laboratory for 

Ni(OEP) but, importantly, not for 1–4; or (3) C60 contained within the interstices of the double-

decker monolayer.  
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Figure 4.8. STM image (20 nm ´ 20 nm) and cross-sectional profile of monolayer of co-deposited 
2 and C60 on HOPG at the solid–liquid interface (TCB, [2] = 0.5 mM, [C60] = 1.0 mM; I = 50 pA, 
V = –900 mV). 
 
Table 4.5. Unit-Cell Parameters of Monolayers of Co-Deposited 2 and C60 on HOPG at the Solid–
Liquid Interface. 
parameter Brighter Features Dimmer Features 
a (nm) 1.49 (2) 1.49 (2) 
b (nm) 1.48 (3) 1.48 (2) 
Γ (deg) 89 (1) 89 (1) 

 
Table 4.6. Apparent Height (Å) and Width (nm) of STM features in Monolayers of Co-Deposited 
2:C60 and Pristine 2. 
 2:C60a 2b 
parameter Broad Feature Narrow Feature  
Apparent Height (Å) 0.8 (0.2) 0.6 (0.1) 0.7 (0.2) 
Apparent Width (nm) 1.3 (0.2) 0.9 (0.1) 1.6 (0.2) 

a Based on data shown in Figure 4.6. b Based on data obtained across multiple trials including data 
shown in Figure 4.3b. 
 

The STM data for the monolayer formed on HOPG when 2 and C60 are co-deposited is 

interpreted as arising of a lattice of 2 containing one interstitial C60 guest molecule in each unit 

cell, based on the following reasoning. The possibility noted above that the dimmer feature arises 

from a second porphyrin is excluded the center-to-center distance between the large and small 

features of approximately 1 nm; this is too small to accommodate a porphyrin, which will have a 

van der Waals diameter of approximately 1.2 nm. A second alternative, that the interpenetrating 

features arise from co-adsorbed TCB, is unlikely because they are only observed when 2 and C60 
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are codeposited and not in the monolayer of pristine 2, nor in monolayers of 1, 3, or 4. Furthermore, 

STM images (Figure 4.9a)  and cross-sectional profiles of a smaller region of the monolayer 

formed by co-deposited 2 and C60 exhibit occasional vacancies in the positions of both C60 and 2, 

as shown in the cross-sectional profiles (Figure 4.9c, top and middle profiles, respectively). In the 

vacancy of 2, a feature is still observed, but its height and width are significantly smaller than for 

the other features corresponding to 2 in this image. Notably, the feature appears similar to other 

shorter and narrower features in the image. As reports of monolayers of TCB in the absence of a 

co-adsorbed species are not known, and the interactions between TCB and adjacent 2 in the 

monolayer at this position would be minimal given the large distance (~0.75 nm), TCB is an 

unlikely source of the current observed within the vacancy of 2. This also suggests that, more 

generally, the shorter and narrower features are not attributable to TCB, given the similar 

appearance. Though this feature could be a 5-coordinate porphyrin impurity adsorbed within the 

vacancy of 2, no similar features are observed within the monolayer of pristine 2, rendering this 

an unlikely explanation. Therefore, we conclude that the reasonable assignment of the smaller and 

narrower features consistent with the data is C60 contained within the interstices of the monolayer 

of 2. 

Large-scale images (Figure 4.9b) show that the monolayers of 2:C60 are widespread, 

encompassing an area of at least 50 nm ´ 50 nm. Most of the vacancies observed within the 

monolayers are of 2, whereas no vacancies over a region of the same size were observed within 

the monolayer of pristine 2. These vacancies may result from the more complex nature of self-

assembly for a bicomponent monolayer where vacant binding sites of 2 within the monolayer of 

2:C60 become inaccessible due to the steric bulk of C60. A cross-sectional profile passing through 

both porphyrin and C60 features (Figure 4.9c, bottom profile) shows that, unlike the porphyrin 
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vacancy observed in the small-scale image, no feature is observed in this vacancy. Notably, C60 

features are observed even at the C60 binding sites adjacent to vacancies of 2, indicating that the 

adsorption of C60 is thermodynamically favorable even without the collective interactions of all 

four 2 expected in a complete unit cell. The incorporation of C60 is near the expected 1:1 ratio of 

C60 to 2. This differs from previous corral-like structures where incorporation was below the 

expected 1:1 C60: porphyrin ratio.70 This increased incorporation of C60 may be a result of several 

factors, including a more energetically favorable adsorption site, a lack of steric hinderance from 

the bridging ligand, and the close-packed upper porphyrins of 2 within the monolayer preventing 

distortion of the terephthalate ligands towards C60 that, while increasing the adsorption energy of 

an individual fullerene, would induce an anti-cooperative effect in adjacent unit cells. 
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Figure 4.9. STM images and cross-sectional profiles of monolayer of co-deposited 2 and C60 on 
HOPG at the solid–liquid interface (TCB, [2] = 0.5 mM, [C60] = 1.0 mM, I = 50 pA, V = –900 
mV) (a) 10 nm ´ 10 nm; (b) 50 nm ´ 50 nm; (c) cross-sectional profiles along white lines in STM 
images. The arrows in the images and cross-sectional profiles denote vacancies (blue arrow, C60; 
green and red arrows, 2). 
 

The bias-voltage dependence of STM images of monolayers of 2 and C60 is shown in Figure 

4.10. At bias-voltages around –400 mV only 2 is observed. At intermediate bias-voltages around 

–650 mV, 2 is still clearly observed along with significant current in the interstitial regions where 

C60 was observed in Figure 4.8. The features are less resolved at these bias-voltages as there is less 

differentiation between features along the unit-cell axes. It is unclear whether the images in this 

intermediate bias-voltage range have contributions from C60 or are primarily 2 along with 
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contributions from the underlying HOPG. At the most negative bias-voltages investigated, above 

–900 mV, C60 is clearly resolved along with the bright 2 features. 

 
Figure 4.10. STM images of monolayer of co-deposited 2 and C60 on HOPG at the solid–liquid 
interface (1,2,4-TCB, [2] = 0.5 mM, [C60] = 1.0 mM, 25 nm ´ 25 nm) (A) I = 50 pA, V = –400 
mV; (B) I = 50 pA, V = –650 mV; (C) I = 50 pA, V = –1000 mV. 
 
 4.3.3. External Adsorption of C60 to the 2:C60 Layer. The STM images of 2:C60 reveal 

that some of the porphyrin features appear substantially brighter than others (Figure 4.8). Analysis 

of consecutive STM images (Figure 4.11) show that a fraction of these brighter and broader 

features become dimmer on the successive image (t = n + 30 s), though in the majority of cases a 

new brighter and broader feature is observed for an adjacent or near-adjacent porphyrin feature. 

While these features could arise from variation in the electronic structure at specific adsorption 

sites on HOPG (i.e. a Moiré pattern), the seemingly random positions of the features are 

inconsistent with this explanation. The features could also arise from fluctuations in the 

monolayer–tip coupling, however, the persistence of some features between images and the 

correlated locations between the majority of others renders this explanation unlikely.  We conclude 

that the most likely identity of these features is from the adsorption of C60 to the upper porphyrin 

of 2 with adsorption/desorption occurring within the time between STM images. The correlated 

locations from image to image suggest the possibility of C60 hopping between different upper 

porphyrin macrocycles, such a process  has been observed previously with C60 hopping between 
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adjacent or near-adjacent cavities within nanoporous networks of trimesic acid, perylene 

derivatives, and porphyrins.18,30,47  

 
Figure 4.11. Sequential STM images of monolayers of co-deposited 2 and C60 on HOPG at the 
solid–liquid interface (TCB, [2] = 0.5 mM, [C60] = 1.0 mM). The images on the left are taken 
immediately preceding those on the right. (a) I = 50 pA, V = –900 mV, 25 nm ´ 25 nm; (b) I = 50 
pA, V = –900 mV, 20 nm ´ 20 nm. The black circles indicate bright features that appear similar 
across both images, the white circles indicate bright features that become dimmer in the opposite 
image. Bright features that are outside the scanning area in the opposite image, due to thermal 
drift, are not circled. 
 

The propensity for the fullerene to bind with the OEP macrocycle was investigated by the 

growth of co-crystals of 2 and C60 from a solution in TCB with vapor diffusion of hexanes. While 
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structures of these co-crystals obtained by SXRD (Figure 4.3 and Figure 4.12) show significant 

disorder in both the C60 and terephthalate moieties, the interaction between the octaethylporphyrin 

macrocycles of 2 and C60 is clearly demonstrated and strongly suggests that this interaction could 

occur at least transiently on the surface. 

 
Figure 4.12. Structure co-crystal of 2 and C60 as determined by X-ray crystallography (50% 
probability ellipsoids). Only one orientation is shown for C60 and terephthalate moieties. 
 

4.3.4. DFT Calculated Adsorption Energies of 2 and C60. DFT calculations were 

performed to quantify the adsorption energy of C60 with 2 in various geometries relevant to the 

surface and in solution, in support of the qualitative observations made using STM. The gas-phase 

adsorption energy calculations were performed within the PW-DFT framework using the Quantum 

Espresso computational package with a similar methodology to that described in Chapter 2 

according to Equation 4.1: 

 Eads(g) = E2:C60(g) – E2(g) – EC60(g)   (4.1) 

Here, Eads(g) is the gas-phase adsorption energy of C60 within the monolayer formed by 2 and 

E2:C60(g), E2(g), EC60(g) are the gas-phase total energies of the supramolecular complex formed by 

2:C60, 2 and C60 as calculated in the PW-DFT framework. The influence of the surface on the 
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geometry of 2 was accounted for by first optimizing 2 in the presence of a graphene sheet; the 

graphene-adsorbed porphyrin unit was then frozen in this optimized geometry for all subsequent 

calculations and the graphene was removed to substantially reduce the computational cost. This 

approach was utilized after a series of test calculations showed the impact of excluding the 

graphene was minimal (Section 6.4.1). The computational cost of including surface atoms is a 

well-known challenge and a recent approach has been developed that allows for modeling the 

surface–adsorbate interactions without explicit inclusion of the surface,128 however it has not been 

implemented into the software package used here. 

 As a substantial difference in the solvation energy is expected between various structures 

of 2:C60, solvation effects were included using the SMD solvation module as implemented in the 

Gaussian 16 software package according to Equations 4.2 and 4.3: 

 𝐸7?4@ = ∆𝐸/:B+)(D→7)
G − ∆𝐸𝟐(D→7)G − ∆𝐸B+)(D→7)

G  (4.2) 

 ∆𝐸I(D→7)G = 𝐸I(7)
G − 𝐸I(D)G  (4.3) 

Here, Esolv is the solvation energy associated with adsorption of C60 within the monolayer formed 

by 2, ∆𝐸/:B+)(D→7)
G , ∆𝐸𝟐(D→7)G , and ∆𝐸B+)(D→7)

G  are the solvation energies of the supramolecular 

complex formed by 2:C60, 2 and C60, and 𝐸I(7)
G  and 𝐸I(D)G  are the total energies from single point 

calculations in the gas and solvated phases at the PW-DFT optimized gas-phase geometry, 

respectively, using the Gaussian software package. The solvated-phase adsorption energy was then 

determined according to Equation 4.4: 

 Eads(s) = Eads(g) + Esolv (4.4) 

Here, Eads(s) is the solvated-phase adsorption energy. A similar approach for including solvation 

effects has recently been used to model porphyrin monolayers.112 
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 The optimized structure of 2:C60 in a monolayer-like geometry is shown in Figure 4.13. 

The energy of the system as a function of C60 within the unit cell of 2 is found to be at minimum 

at the center of the cell, where the main interactions of C60 are with the CH2 groups of the upper 

porphyrin and the CH3 groups of the lower porphyrin, the latter of which are forced to adopt the 

up-conformation on the surface. Notably, because the cleft between the upturned ethyl chains of 

the lower porphyrin and macrocycle of the upper porphyrin is too small to accommodate C60, the 

terephthalate moieties remain quite far from the C60; the closest approach to the fullerene are 5.2 

Å and 6.6 Å for the edge-facing and plane-facing terephthalate moieties, respectively. 

 
Figure 4.13. Calculated (DFT) structures of 2:C60 at the center binding site (Center). The structure 
is shown in two renderings: (a) a CPK model; (b) Hybrid CPK and ball-and-stick model 
highlighting the binding pocket. Carbon atoms of 2 (light) and C60 (dark) are shown in different 
shades of gray for contrast. 
 

The optimized geometries and adsorption energies of C60 with 2 in several alternate 

conformations were also calculated to determine the relative stability of these structures compared 

to the Center structure in Figure 4.13. In the first structure (Figure 4.14a, denoted Tilt) the upper 

porphyrin is canted with respect to the lower porphyrin in order to accommodate close-contact 

between C60 and the terephthalate bridging ligand. This structure could be relevant in solution or 

at certain edge sites of the monolayer, but it would be unlikely for this structure to be propagated 

throughout the monolayer because the tilt between the porphyrins would decrease the size of the 
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cavity and prevent adsorption of C60 at adjacent binding sites. The second structure (Figure 4.14b, 

denoted Upper) investigates the interaction of C60 with the macrocycle of the upper porphyrin, as 

suggested results in the bright and broad features observed in the STM image. The final structure 

(Figure 4.14c, denoted Vacancy) investigates the stability of C60 at the center of a unit cell of 2 

containing one vacancy, as C60 was observed at many adsorption sites adjacent to a vacancy. The 

gas-phase adsorption energies, solvation energies and solvated-phase adsorption energies are listed 

in Table 4.7. The Center binding site is determined to be the most stable in both the gaseous and 

solvated phase. While the adsorption energy of the Upper site is only calculated to be 0.11 eV less 

stable than the Center site in the gas-phase, including solvation energy increases the difference in 

adsorption energy to 0.26 eV, demonstrating a substantial difference between these sites at the 

solid–TCB interface. The solvated-phase adsorption energy of C60 at the Vacancy site is –1.15 eV, 

approximately 80% of the complete Center site, and very similar to the Upper site after accounting 

for solvation. The relatively protected local environment at the Vacancy site provided by the partial 

monolayer of 2, as compared to the Upper site, may contribute to the greater fraction of occupied 

vacancy sites versus upper sites. Overall, the stability of C60 at the Center adsorption site supports 

the interpretation of the small features within the STM images of 2 and C60. As noted above, the 

adsorption energy at the Center binding site includes only minimal interaction with the 

terephthalate bridging moieties, suggesting that given a suitably sized cavity that allows for contact 

with both porphyrins, a bridging ligand with an affinity for C60 may not be required. 

 



 219 

 
Figure 4.14. Space-filling models of alternate adsorption modes for 2:C60 with (a) a tilted upper 
Ga(OEP) unit to accommodate the C60 (Tilt); (b) the C60 interacting with the face of the upper 
macrocycle (Upper); (c) the C60 at the center adsorption site with one 2 vacancy (Vacancy). Carbon 
atoms of 2 (light) and C60 (dark) are shown in different shades of gray for contrast. 
 
Table 4.7. Calculated Gas-Phase Adsorption Energies, Solvation Energies, and Solvated-Phase 
Adsorption Energies for 2:C60 at Various Geometries. 
parameter Center Tilt Upper Vacancy 
ΔΕads(g) (eV) –1.64 –1.30 –1.53 –1.35 
ΔΕsolv (eV) 0.22 0.37 0.36 0.20 
ΔΕads(s) (eV) –1.42 –0.92 –1.17 –1.15 

 
4.3.5. Simulated STM Images of Monolayers of 2 and 2:C60. Simulated STM images of 

the monolayers of 2 and of 2:C60 were calculated to determine whether they show the same bias-

voltage dependence that was observed for the latter in the STM experiments. The STM images 
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were simulated using the Tersoff-Hamann approximation104 with the z-coordinate set at the 

position of the C20N4 plane of the upper porphyrin. The choice of the z-coordinate is further 

discussed in Section 6.3.1. Simulated STM images of 2:C60 (Figure 4.15a) and 2 (Figure 4.15b) 

show that at a bias-voltage of –400 mV the porphyrin is clearly observed for both 2 and 2:C60, 

whereas the C60 is very faint in 2:C60. At more negative bias-voltages, –900 mV and –1100 mV, 

the porphyrin remains nearly identical in both 2 and 2:C60, while the C60 feature in 2:C60 becomes 

more prominent. The calculated bias-voltage dependence of C60 is in agreement with that observed 

by STM (Figures 4.8 and 4.10). Overall, the simulated STM images further support the 

identification of the features in experimental STM images of 2:C60. 

 
Figure 4.15. Simulated constant-current STM images at –400 mV (left), –900 mV (center), and –
1100 mV (right) of (a) 2:C60 and (b) 2. 
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4.3.6. Investigation of Monolayers of 3:C60 and 4:C60. Because 3 and 4 are also expected 

to have a significant affinity for C60, co-deposition of the complexes and C60 to potentially form 

monolayers 3:C60 and 4:C60 was investigated. STM imaging of co-deposited 3 and C60 revealed 

only bare HOPG with no observation of monolayers of either 3:C60 or 3, despite use of identical 

conditions to those used to form monolayers of pristine 3. The lack of monolayers of even pristine 

3 in these systems indicates that the presence of C60 dramatically alters the thermodynamics of 

self-assembly in this system. Further investigation of this system should explore whether C60 

induces conformational changes of 3 in solution that could prevent monolayer formation; this 

might be accomplished using UV-Vis and 1H-NMR spectroscopy. 

Co-deposition of 4 and C60 results in the formation of monolayers whose STM images 

differ from those for 4, exhibiting four features across various bias-voltages (Figure 4.16). At a 

bias-voltage of –500 mV, two circular features are observed in the STM image and cross-sectional 

profile: a brighter and dimmer feature. The brighter feature appears at the center of the unit cell of 

the dimmer features (or vice versa). Similar features are observed at –700 mV and –900 mV, with 

the dimmer features becoming slightly brighter at –700 mV and both features showing an apparent 

height of approximately 0.05 nm at –900 mV. In addition, a much larger and brighter feature 

appears in the image obtained at –900 mV. A large change is noted at bias-voltages around –1100 

mV, again brighter and dimmer circular features are observed; however, in these images rather 

than the brighter feature being in the center of a unit cell of the dimmer feature (or vice versa), the 

bright feature partially overlaps the dim feature offset along the unit cell vector. Similar to the 

image at –900 mV, large bright features are observed in several locations across the image. The 

unit cell, as defined by either the bright or the dim features in Figure 4.16a, was determined to be 
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approximately 1.50 nm ´ 1.50 nm with an angle of 88 degrees (Table 4.8), indistinguishable from 

any of the other systems studied here. 
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Figure 4.16. STM image and cross-sectional profile of monolayer of co-deposited 4 and C60 on 
HOPG at the solid–liquid interface (TCB, [2] = 0.5 mM, [C60] = 2.5 mM, 25 nm ´ 25 nm, I = 20 
pA) (a) V = –500 mV; (b) V = –700 mV; (c) V = –900 mV; (d) V = –1100 mV. 
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Table 4.8. Unit-Cell Parameters of Monolayers of 4:C60 on HOPG at the Solid–Liquid Interface. 
parameter Bright Featuresa Dim Featuresa 

a (nm) 1.52 (3) 1.50 (2) 
b (nm) 1.49 (8) 1.49 (6) 
Γ (deg) 88 (1) 88 (1) 

a From data in Figure 4.16a 
 

Observations from pristine monolayers of 4 and the bicomponent system 2:C60 allow for 

tentative assignment of these features. The bright and dim features observed at bias-voltages of –

700 mV or less negative were assigned to the upper and lower porphyrins of 4. This assignment is 

supported by the observations of the small features near the center of the unit cell in monolayers 

of pristine 4, the similar width and profile of the bright and dim features, and the inability to image 

C60 at these bias-voltages in 2:C60. While these images appear similar to those of Ni(OEP) in TCB 

imaged in the same range of bias-voltages (Section 6.3.2), the disappearance of these features at 

more negative bias-voltages for 4:C60, unlike for the TCB features observed within the Ni(OEP) 

monolayer, demonstrate that TCB is not the source of these features. This suggests that 4 adopts a 

significantly distorted geometry where the upper porphyrin is offset from the lower porphyrin by 

roughly 1 nm in the xy plane, based on the unit cell. This offset is similar to that observed in 

monolayers of pristine 4, though the multiple porphyrin features were not as clearly resolved in 

that system. The bright features along the unit cell axis observed at –1100 mV are assigned to C60 

given the similar appearance of C60 at these bias-voltages in monolayers of 2:C60, with the dimmer 

features at these bias-voltages resulting from the lower porphyrin of 4. The large and bright 

features clearly observed above –900 mV, may be a result of adsorption of C60 to the macrocycle 

of the upper porphyrin analogously to that observed in 2:C60. These features are clearly larger and 

brighter than those observed in Figure 4.8; currently, no clear justification for this change in 

appearance can be provided.  
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4.3.7. DFT Calculated Adsorption Energies of 3:C60 and 4:C60. The adsorption energy 

of C60 was calculated for 3:C60 and 4:C60 to investigate the lack of formation of a bicomponent 

monolayer and the lowest energy on-surface geometry, respectively. The calculations were 

performed using the same methodology as that employed for 2:C60. Optimized structures of a 

surface-like 3:C60 and two on-surface conformations of 4:C60 are shown in Figure 4.17 with 

adsorption energies in Table 4.9. The space-filling model of 3:C60 demonstrates the well-suited 

height of the cavity for the C60 if 3 adopts a fully extended configuration allowing for interaction 

with both the OEP and BCP subunits. The solvated-phase adsorption energy of C60 within the 

modeled 3:C60 is significantly greater than that of 2:C60. Thus, the lack of an experimentally 

observed monolayer of 3:C60 may be kinetically rather than thermodynamically disfavored. 

Space-filling models of the optimized geometries of 4:C60 where 4 is either in an extended 

or folded conformation are shown in Figure 4.17b. When 4 is extended the close contact between 

4 and C60 is limited to the BPCP unit and the edge of the phenyl group of the BPCP on the adjacent 

4. In contrast, in the folded geometry, C60 is in close-contact with the porphyrin macrocycle of the 

linking BPCP unit, the adjacent phenyl group of the BPCP, and edge of the OEP of the neighboring 

4 on the surface. These differences are borne out in the solvated-phase adsorption energy where 

the folded conformation is 0.23 eV more stable than the extended conformation.  
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Figure 4.17. Space-filling models of (a) 3:C60 and (b) 4:C60 in extended (left) and folded (right) 
conformations. Carbon atoms of 2 (light) and C60 (dark) are shown in different shades of gray for 
contrast. 
 
Table 4.9. Calculated Gas-Phase Adsorption Energies, Solvation Energies, and Solvated-Phase 
Adsorption Energies for 3:C60 and 4:C60. 
parameter 3:C60 4:C60 (Extended) 4:C60 (Folded) 
ΔΕads(g) (eV) –2.09 –1.38 –1.91 
ΔΕsolv (eV) 0.41 0.18 0.48 
ΔΕads(s) (eV) –1.68 –1.20 –1.43 

 
4.4. Conclusions   

The surface chemistry of a series of co-facial porphyrin dimers has been investigated on 

HOPG. It was found that deposition of 1–4 onto HOPG results in formation of face-down, highly 

ordered monolayers generally consistent with those observed for 4-coordinate metalloporphyrins, 

despite the significant height and steric bulk presented by the linkers and non-surface bound 

porphyrins. Co-deposition of 2 or 4 with C60 results in the formation of bicomponent monolayers. 
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Bias-voltage dependence, DFT derived adsorption energies, and simulated STM images confirm 

that the second component in these systems is C60 entrained within the cavity formed by 

monolayers by the porphyrin complexes. The observation of identical structures formed by pristine 

monolayers of 1–4, bicomponent monolayers 2:C60 and 4:C60, and those of monomeric 4- and 5-

coordinate metalloporphyrins under the same conditions suggests that the vast literature of self-

assembled porphyrins and phthalocyanines on HOPG could be utilized in these types of systems, 

providing a method for substantially altering the size of the cavity to accommodate other small 

molecules or nanoparticles. Furthermore, the stability of C60 in the monolayer 2:C60, despite the 

apparent lack of interaction between the terephthalate moiety and the C60, suggests that, with the 

appropriate porphyrin spacing, functional spacers such as photo- or redox-active linkers could be 

introduced. 
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CHAPTER 5 

Computational Investigation of the Optimized Structures and Adsorption Energies of C60 

within Monolayers of Ga(OEP)(R) 

5.1. Introduction 

 The formation of self-assembled structures on planar surfaces is a complex process whose 

outcome reflects a balance of thermodynamic and kinetic factors.1-4 As previous studies have 

shown, the free energy available for self-assembled processes is often a fraction of the magnitude 

of the component enthalpic driving forces and entropic penalties.4-7 For this reason, subtle changes 

to molecular structures or experimental deposition conditions can have significant effect on 

whether a monolayer forms and, if it does, its lattice structure and properties . Several of these 

effects have been noted in earlier chapters, such as the solvent dependent formation of monolayers 

of H2TC10P noted in Chapter 2 and the solvent-dependent structures observed for OEP complexes 

noted in Chapter 4; they have also been identified in other self-assembled systems.8-11 

Understanding and predicting, computationally, the subtle differences that can lead to changes in 

the propensity for molecules to form ordered monolayers or the resulting structures offers a 

significant opportunity to focus experimental efforts on the most promising systems without 

having to synthesize, purify, and investigate the surface chemistry of potential candidates. 

Furthermore, computationally derived structures and energies can help interpret experimental data 

and suggest the dominance of kinetics or thermodynamics in these systems. In this chapter, we 

describe computational studies of the structures and adsorption energies of C60 adsorbed within 

monolayers of Ga(OEP)(R) complexes (Figure 5.1). 

 The rise of dispersion-corrected DFT has made it possible to accurately calculate 

adsorption energies of systems dominated by non-covalent interactions; however, a tremendous 
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diversity of approaches within this method exist.12 Localized DFT has often been used to model 

solution-based supramolecular assemblies involving isolated molecular hosts and C60,13 whereas 

plane-wave DFT is generally used for self-assembled extended systems on planar surfaces.14 The 

use of plane-wave DFT allows for interactions between adjacent molecules to be modeled 

implicitly using periodic boundary conditions15 and avoids the necessity of corrections for basis-

set-superposition errors required for localized DFT,16 both of which reduce the computational cost. 

As we are interested in adlayers of C60 adsorbed within a monolayer of porphyrins, rather than the 

interaction of C60 with an isolated molecule, plane-wave DFT methods will be utilized.  

Solvation is also an important consideration in these systems, where significant differences 

in the solvent-exposed area of the C60 and axial ligand are expected based on both the identity and 

the orientation of the axial ligands with respect to the fullerenes. While continuum solvation 

models have been adapted for plane-wave DFT,17 organic solvents have not been parameterized 

and would require benchmarking against a large series of experimental results. Recently, however, 

it has been shown that the calculation of the optimized structure and gas-phase adsorption energy 

can be decoupled from the calculation of solvation energy, and plane-wave DFT and localized 

DFT, respectively, can be used in conjunction.5-7 A wide variety of organic solvents have been 

parameterized using continuum models in localized DFT, and it has been shown that the free-

energy of small molecules adsorbed within a porphyrin monolayer can be accurately predicted;7 a 

similar approach will be used here. 

While a mature and robust model would primarily focus on screening candidates for self-

assembled systems a priori, developing a framework that accurately describes systems that have 

been experimentally characterized is a prerequisite for establishing the utility of the model. The 

Ga(OEP)(R)•C60 host–guest bilayers developed in our group are a good test case because the 



 241 

nature of R determines whether C60 is incorporated.18 Monolayers assembled from Ga(OEP)(R) 

complexes exhibit a pseudohexagonal structure that is independent of the axial ligand with 

dimensions of approximately 1.39 nm ´ 1.36 nm and an angle of 66° (Figure 5.1). The two 

diagonal dimensions of this cell are 1.53 nm and 2.30 nm, which are commensurate with the C60 

van der Waals diameter of approximately 1.1 nm. The axial ligand, R, extends perpendicular to 

the plane of the Ga(OEP), forming a corral in which C60 can adsorb. We sought to calculate the 

structures and adsorption energy of C60 within porphyrin monolayers that both do and do not 

incorporate C60 in order to determine whether this type of model could accurately predict the 

relative adsorption energies and gain insight into designing future systems. 

 
Figure 5.1. Molecular model of a Ga(OEP)(R) monolayer with adsorbed C60 (left) and molecular 
structure of C60 (right). The axial ligand is omitted for clarity. 
 

Five Ga(OEP)(R) complexes (Figure 5.2) that have been investigated experimentally were 

studied. The axial ligands of the Ga(OEP)(R) complexes span heights ranging from ~8.1 Å 

(Ga(OEP)(CCPh)) to ~12.7 Å (Ga(OEP)(CC-2-Pyrene)) and varying affinities for C60.19-21 

Monolayers of the both Ga(OEP)(CC-n-Pyrene) complexes have been observed to incorporate C60 

and are expected to provide computational evidence for a significant affinity for C60. The non-

bilaterally symmetric (local Cs rather than C2v) structure of the CC-1-pyrene axial ligand also 
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requires examination of a variety of axial ligand orientations around C60. Ga(OEP)(CCPh) serves 

as an example of a monolayer that has not been observed to incorporate C60. Ga(OEP)(CC-3-

Thiophene) is investigated as thiophene is known to form complexes with C60,22-24 along with the 

observation of adsorption of C60 within the monolayers under certain conditions. Ordered arrays 

of thiophene and C60 are also an intriguing technological target, given that thiophene is a common 

component with fullerenes in bulk heterojunction solar cells.25 Finally, Ga(OEP)(CC-Tript) (Tript 

= 9-triptycene) was investigated as despite its known affinity for C60,21,26 only sporadic 

incorporation of C60 into a monolayer of Ga(OEP)(CC-Tript) was observed. Given the qualitative 

structural similarity of the porphyrin complexes, the entropy of the self-assembled systems was 

not calculated; adsorption energies, rather than free energies, will be reported. The adsorption 

energy of C60 into a monolayer of Ga(OEP)(CCPh), which does not incorporate C60, will be 

utilized as a benchmark for the approximate minimum driving force required to overcome these 

penalties. We report that the adsorption energies generally correlate with whether C60 is 

incorporated within the monolayers. Exploration of various binding sites reveals that highly 

ordered structures are lower in energy than structures that maximize the adsorption energy of 

individual C60 molecules. The structural factors that contribute to these results are discussed, along 

with how these observations can help to interpret experimental observations and suggest future 

lines of research. 
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Figure 5.2. Ga(OEP)(R) complexes for which structures and adsorption energies of C60 will be 
calculated by means of DFT methods. 
 
5.2. Experimental Section 

 The DFT methodology is very similar to that employed in Chapter 4. Calculations of 

Ga(OEP)(R) complexes with and without C60 were performed for gas-phase systems using plane-

wave density functional theory (PW-DFT) within Quantum Espresso (version 6.1).27 The 

generalized gradient approximation in the optB86b-vdW28,29 formulation was used. This models 

the exchange and correlation interactions using the optB8630 functional and the dispersion 

interactions with the vdw-DF31-34 method. Optimized norm-conserving Vanderbilt (ONCV) 

pseudopotentials were used.35,36 A wavefunction cutoff energy of 60 Ry was used and the 

wavefunctions were sampled at the Γ point. Gaussian smearing with a width of 0.001 Ry was 

included to ensure smooth convergence of the self-consistent field (SCF). Structures and 

adsorption energies were tested for convergence with respect to the wavefunction cutoff energy, 
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k-points, and smearing width. Geometry optimizations were performed with convergence 

thresholds on the total energy and total forces of 10–4 Ry and 10–3 Ry, respectively, for the ionic 

minimization and 10–8 Ry for the electronic energy during the SCF process. The x and y dimensions 

of the simulation cells were defined as the smallest integer multiple of the experimentally 

determined pseudohexagonal unit cell, 1.39 nm ´ 1.36 nm with an angle of 68°, that contained the 

appropriate periodicity. Generally, this was a 1 ´ 1 unit cell, however, for several systems a larger 

unit cell was utilized to model a structure where inequivalence of the axial ligands was necessary. 

For all systems a vacuum layer of at least 30 Å in the c direction was added to avoid interactions 

within the periodic system. The optimization of isolated C60 was carried out in a 30 Å ´ 30 Å ´ 30 

Å cell to ensure isolation with respect to periodic images. Cell parameters for all systems are listed 

in Table 5.1. The influence of HOPG on the geometry of the Ga(OEP)(R) complex was accounted 

for by first calculating the optimized structure of the Ga(OEP)(R) in the presence of a 1L graphene 

sheet. The structure of the graphene-adsorbed Ga(OEP) subunit was frozen in its optimized 

geometry and the graphene was removed for all subsequent calculations. Justification for this 

approach is discussed in Section 6.4.1. The rotational orientation of C60 with respect to the axial 

ligands was not controlled in these calculations; the rotational dependence of the adsorption of C60 

with a CC-1-Pyrene axial ligand is discussed in Section 6.4.2. Molecular models were built using 

CrystalMaker software.37 
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Table 5.1. Lattice Parameters of Simulation Cells and Number of Porphyrin Complexes for PW-
DFT Calculations of Porphyrins and Porphyrin/Fullerene Assemblies. 

a Number of Ga(OEP)(R) complexes within the PW-DFT simulation cell. b Number of C60 within 
the PW-DFT simulation cell. 
 

For each gas-phase calculation, the solvation energy was determined with a corresponding 

condensed-phase calculation in Gaussian16 using the B3P86 functional,38,39 LANL2DZ effective 

core potential basis set40,41 for Ga atoms, and the 6-31G* basis set for all other atoms. The 

optimized geometries obtained from the gas-phase PW-DFT calculations were used to construct 

supercells to explicitly model all interactions between C60 and the porphyrin dimer. Solvation 

energies were computed using the SMD module. The solvent parameters used for 1-phenyloctane 

are listed in Table 5.2. A similar approach has been used to calculate adsorption energies of 

M(OEP) on HOPG in toluene.7 Both gas-phase and solvated-phase adsorption energies are 

reported; the solvated-phase adsorption energy will always be referenced unless explicitly noted 

otherwise. 

Table 5.2. SMD Solvent Parameters for 1-Phenyloctane. 
Parameter value 
ε 2.26a 

n2 2.205a 

α 0.00b 

β 0.15b 

γ 43.47c 

Φ 0.429 
Ψ 0.00 
r 2.20 

a From Ref. 42. b From Ref. 43. c From Ref. 44. 
 
 
 

System a (Å) b (Å) c (Å) α (°) β (°) γ (°) NPora NC60b 
Isolated C60 30.00 30.00 30.00 90 90 90 n/a 1 
Bridge and Center 13.60 13.90 45.00 90 90 68 1 1 
Center Rotated 27.20 13.90 45.00 90 90 68 2 1 
Maximum 27.20 27.80 45.00 90 90 68 4 1 
Supercell 27.20 27.80 45.00 90 90 68 4 1 or 4 
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5.3. Results and Discussion 

5.3.1. Description of DFT Methodology. DFT calculations were performed to determine 

the optimized geometries and adsorption energies of C60 within monolayers of Ga(OEP)(R) 

complexes and investigate the effect of ligand identity and orientation. The calculations were 

performed using an identical methodology to those in Chapter 4. Briefly, the gas-phase adsorption 

energy was calculated to Equation 5.1: 

 Eads(g) = EGa(OEP)(R)•C60(g) – EGa(OEP)(R)(g) – EC60(g)   (5.1) 

Where Eads(g) is the gas-phase adsorption energy of C60 within the monolayer formed by the 

Ga(OEP)(R) complex and EGa(OEP)(R)•C60(g), EGa(OEP)(R)(g), EC60(g) are the gas-phase total energies of 

C60 within the monolayer formed by the Ga(OEP)(R) complex, the monolayer of Ga(OEP)(R), and 

C60 as calculated in the PW-DFT framework. The influence of graphite on the optimized geometry 

of the Ga(OEP) subunit was modeled by first optimizing the Ga(OEP)(R) complex on a 1L sheet 

of graphene. The Ga(OEP) subunit was then frozen in all subsequent calculations. The contribution 

of graphite to the adsorption energy of C60 is not accounted for; this is justified in Section 6.4.1, 

as calculations of the adsorption energy of C60 within monolayers of select Ga(OEP)(R) 

monolayers adsorbed on 1L graphene demonstrate that inclusion of the surface adds only a small 

and nearly constant contribution to the adsorption energy. 

 Solvation effects were included using the SMD module in Gaussian 16 software package 

according to Equations 5.2 and 5.3: 

 𝐸7?4@ = ∆𝐸GJ(5KL)(!)•B+)(D→7)
G − ∆𝐸GJ(5KL)(!)(D→7)G − ∆𝐸B+)(D→7)

G   (5.2) 

 ∆𝐸I(D→7)G = 𝐸I(7)
G − 𝐸I(D)G  (5.3) 

Here, Esolv is the solvation energy associated with adsorption of C60 within the monolayer formed 

by Ga(OEP)(R), ∆𝐸GJ(5KL)(!)•B+)(D→7)
G , ∆𝐸GJ(5KL)(!)(D→7)G , and ∆𝐸B+)(D→7)

G  are the solvation 
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energies of C60 within the monolayer formed by Ga(OEP)(R), the monolayer of Ga(OEP)(R), and 

C60, and 𝐸I(7)
G  and 𝐸I(D)G  are the total energies from single-point calculations in the solvated and 

gas phases at the PW-DFT optimized gas-phase geometry, respectively, using the Gaussian 16 

software package. The solvated-phase adsorption energy was then determined according to 

Equation 5.4: 

 Eads(solv) = Eads(g) + Esolv (5.4) 

Here, Eads(s) is the solvated-phase adsorption energy. This approach is depicted as a thermodynamic 

cycle of selected quantities in Equations 5.1 – 5.4 in Figure 5.3. A similar approach for including 

solvation effects has recently been used to model porphyrin monolayers.7 

 
Figure 5.3. Depiction of thermodynamic cycle for calculating Eads(solv). The gas-phase (Eads(g)) and 
solvated-phase (Eads(solv)) adsorption energy are denoted with red arrows. 
 
 5.3.2. Optimized Geometries and Adsorption Energy of C60 within Ga(OEP)(CC-1-

Pyrene) Monolayers. The optimized geometry and adsorption energy of C60 within monolayers 

of Ga(OEP)(CC-1-Pyrene) was determined for various hypothetical lattice sites and pyrene 

orientations as depicted in Figure 5.4. In the bridge site (Figure 5.4b), C60 is located along the short 
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unit-cell axis between two Ga(OEP) subunits; it is assumed that these present identical 1-pyrene 

orientations. In the center binding site the C60 resides site at the center of the Ga(OEP)(R) unit cell 

(Figure 5.4 c,d,e). Different pyrene orientations are possible due to the fact that it is not bilaterally 

symmetric, as defined above. The pyrene orientations can be identical (Figure 5.4c) or rotated 180° 

from one another in adjacent rows (designated as center rotated, Figure 5.4d). These structures are 

all tileable and not expected to substantially alter the adsorption energy of C60 at adjacent binding 

sites. An additional structure displays all 1-pyrene ligands oriented for maximum contact with the 

C60 (Figure 5.4e). While this structure would be expected to possess the strongest binding for C60, 

it is not tileable and the adsorption energy at adjacent binding sites would likely be reduced (vide 

infra). 

 
Figure 5.4. Depiction of (a) components and (b, c, d, e) possible binding sites for C60 with varying 
orientations of the axial ligand in Ga(OEP)(CC-1-Pyrene): (b) bridge binding site, (c) center 
binding site, (d) center binding site with alternating pyrene rotations, (e) center binding site with 
maximum pyrene–C60 contact. 
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The optimized structures and adsorption energies (Eads(solv)) of the three tileable orientations 

are shown in Figure 5.5 and Table 5.2, respectively. The bridge binding site (Figure 5.5a) exhibits 

a structure that possesses two face-on 1-pyrene:C60 interactions, with the adsorption energy 

calculated to be –1.41 eV. The center binding site (Figure 5.5b) exhibits a smaller adsorption 

energy (–1.32 eV), which can be understood given that only one face-on 1-pyrene:C60 interaction 

is present, due to the non-bilaterally symmetric nature of 1-pyrene, with the other 1-pyrene:C60 

interactions being edge-on. Deconvolution of the contributions from the axial ligands and the 

upturned ethyl chains of the Ga(OEP) subunit (Section 6.4.3) indicates that the differences in 

adsorption energy are a function of the axial ligands and not of differences in the CH3:C60 

interactions. The adsorption energy of the center rotated binding site (–1.39 eV) is roughly the 

same as for the bridge site; it similarly contains two face-on 1-pyrene:C60 interactions (Figure 

5.5c), however, the adsorption energy in the gas-phase is likely overestimated, as the independent 

optimization of the axial ligands required to model this system allow both 1-pyrene ligands to tilt 

about 7° towards the C60. The influence of independent optimization of axial ligands on the 

adsorption energy is discussed in Section 6.4.4, and we suggest that the bridge binding site is the 

lowest energy binding site of the tileable structures. The adsorption energy at the maximum contact 

binding site (Figure 5.6) is, as expected, more negative (by –0.27 eV) than the bridge binding site. 

In addition to the two face-on 1-pyrene:C60 interactions, two edge-on 1-pyrene:C60 interactions are 

also present at this orientation. While this initially suggests that the maximum binding site would 

be the most stable and observed experimentally, the parameter that governs a self-assembled 

system in thermodynamic equilibrium is not adsorption energy per C60, but adsorption energy per 

unit area.5 Therefore, direct comparison of the adsorption energy of the bridge binding site and the 

maximum binding site cannot be made without looking at an expanded view. 
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Figure 5.5. Space-filling models of Ga(OEP)(CC-1-Pyrene) with C60 from above (left) and side 
(right) views at the (a) Bridge, (b) Center and (c) Center Rotated binding sites. 
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Figure 5.6. Space-filling models of Ga(OEP)(CC-1-Pyrene) with C60 from above (left) and side 
(right) views at the center binding site with CC-1-Pyrene units rotated for maximum contact with 
C60. 
 
Table 5.3. Adsorption Energy and Geometric Parameters of C60 within a Monolayer of 
Ga(OEP)(CC-1-Pyrene) at Various Binding Sites and Orientations. 

a Calculated as the distance from the centroid of the ligand to the centroid of C60 minus the radius 
of C60 (0.35 Å). n.b. As the distance is not measured directly from nuclei to nuclei, values less than 
the sum of vdW radii are possible. The identity of the ligand designated as primary is the nearest 
ligand oriented face-on towards C60. b Ligand is oriented edge-on towards C60, distance is the 
shortest nuclei – nuclei distance, HLigand – CC60. c Ligands are independently optimized. 
 

A more complete comparison can be made by including the effect of the orientation of the 

1-pyrene ligands at the maximum binding site on the adjacent binding sites. The repeating unit as 

a consequence of this orientation is a 2 ´ 2 cell with four possible C60 binding sites (Figure 5.7). 

The 1-pyrene orientations for the maximum binding site (site A) lead to binding sites containing 

four edge-on contacts (site B), two face-on contacts and no edge-on contacts (site C), and two 

edge-on contacts (site D). The optimized structure containing C60 at all four binding sites is shown 

in Figure 5.8. Notable is the implied instability of C60 at site D, given that the C60 relaxes to a 

position exhibiting close contact with the C60 at site B and a face-on 1-pyrene ligand (in the absence 

Parameter Bridge Center Center Rotatedc Maximumc 

Εads(gas) (eV) –1.77 –1.60 –1.79 –2.20 
Εsolv (eV) 0.36 0.28 0.40 0.52 
Εads(solv) (eV) –1.41 –1.32 –1.39 –1.68 
Primary 1-Pyrene – C60 Distance (Å)a 3.34 3.64 2.89 2.97 
Secondary 1-Pyrene – C60 Distance (Å)a 3.53 3.00b 3.02 3.12 
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of explicit solvent molecules in the calculation). The gas-phase adsorption energy of C60 at each 

of these sites was determined by removing the other three C60 molecules and calculating the energy 

of the system without re-optimization. The calculated energies (Table 5.4) demonstrate that while 

the ligand orientation leads to a greater gas-phase adsorption energy at site A, –2.20 eV, site C is 

similar to the center binding site, –1.60 eV, while site B and site D, each –1.37 eV, are destabilized 

with respect to all the tileable binding sites. The total gas-phase adsorption energy of C60 for the 

repeating unit is determined to –6.99 eV, which is greater than the sum of the deconvoluted sites 

due to C60 – C60 interactions. A direct comparison can now be made with the bridge binding site, 

where the adsorption energy for a 2 ́  2 unit is –7.08 eV, assuming negligible C60 – C60 interactions, 

indicating that the thermodynamic minimum for the self-assembled system is the bridge binding 

site. 

 
Figure 5.7. Depiction of axial ligand orientations in a 2 × 2 supercell of Ga(OEP)(CC-1-Pyrene) 
propagating those found surrounding C60 at binding site A. 
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Figure 5.8. Space-filling models of the calculated structure of Ga(OEP)(CC-1-Pyrene) supercell 
with four C60 at the adsorption sites depicted in Figure 5.7. 
 
Table 5.4. Adsorption Energy of C60 within a Monolayer of Ga(OEP)(CC-1-Pyrene) at Various 
Binding Sites. 
Binding Site Εads(gas) (eV) 
Site Aa –2.20 
Site Bb –1.37 
Site Cb –1.60 
Site Db –1.37 
All Sitesc –6.99 

a From Table 5.3. b Determined in absence of C60 at other binding sites. c Calculated with all 
binding sites occupied. 
 

Applying the information determined from these calculations to the experimental results 

suggests that the close-packed C60 features observed by STM for sequentially deposited 

Ga(OEP)(CC-1-Pyrene) and C60 have a small energetic preference (ca 0.1 eV) for adsorption at 

the bridge site. In addition to the close-packed structures, persistent isolated or clustered C60 

features have been observed in these systems. While the thermodynamic minimum of the system 

may be with C60 adsorbed at the bridge site, many self-assembled systems form kinetically trapped 

structures.45-47 We hypothesize that these features may be C60 kinetically trapped in a structure 
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resembling the maximum contact binding site in whole or in part for the isolated or clustered 

features, respectively, disfavoring adsorption at adjacent binding sites. 

5.3.3. Optimized Geometries and Adsorption Energy of C60 within Ga(OEP)(CC-2-

Pyrene) and Ga(OEP)(CCPh) Monolayers. Optimized structures and adsorption energies of C60 

within monolayers of the complexes Ga(OEP)(CC-2-Pyrene) and Ga(OEP)(CCPh), which unlike 

Ga(OEP)(CC-1-Pyrene) have bilaterally symmetric axial ligands (local C2v vs. Cs for CC-1-

pyrene) were investigated at the bridge and center binding sites (Figure 5.9). The center rotated 

site does not exist for these compounds due to the symmetry of these axial ligands. Given that 

structures analogous to the maximum binding site of Ga(OEP)(CC-1-Pyrene) would require a 

significantly greater tilt of the axial ligands towards C60 than in Ga(OEP)(CC-1-Pyrene), 

exacerbating the destabilization of adjacent binding sites, the structure and adsorption energy at 

an analogous maximum binding site was not investigated. 

 

 
Figure 5.9. Depiction of (a) components and axial ligand orientations for Ga(OEP)(CC-2-Pyrene) 
and Ga(OEP)(CCPh) systems at the (b) bridge binding site and (c) center binding site. 
 
 The optimized structure of C60 at the bridge site of the Ga(OEP)(CC-2-Pyrene) monolayer 

(Figure 5.10a) exhibits two face-on 2-pyrene:C60 interactions; the adsorption energy (–1.36 eV; 

Table 5.5) is similar to that of Ga(OEP)(CC-1-Pyrene) (–1.41 eV) at this site. Deconvoluting the 

contributions of the CC-Pyrene ligands and the upturned ethyl groups (Section 6.4.3) suggests that 
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the interaction between the ethyl groups and C60 in Ga(OEP)(CC-2-Pyrene) is weaker than for 

Ga(OEP)(CC-1-Pyrene). This may arise because the centroid of the CC-1-Pyrene ligand lies 

roughly 1 Å closer to the porphyrin plane than the centroid of CC-2-Pyrene, allowing for better 

contact with the ethyl groups. The optimized structure of C60 at the center site of the Ga(OEP)(CC-

2-Pyrene) (Figure 5.10b) shows two face-on 2-pyrene:C60 interactions, though the pyrene ligands 

remain further from the C60 than in Ga(OEP)(CC-1-Pyrene) system. As a result, the difference in 

adsorption energy at the center site compared to the bridge site in Ga(OEP)(CC-2-Pyrene) systems 

(0.19 eV) is roughly double that of Ga(OEP)(CC-1-Pyrene) (0.09 eV). 

 The optimized structure of C60 at the bridge site of the Ga(OEP)(CCPh) monolayer (Figure 

5.11a) exhibits a significant tilt (10°) of the phenyl groups with respect to the plane of the 

porphyrin. This tilt is distinct from that observed for Ga(OEP)(CC-1-Pyrene), where both pyrene 

ligands tilted towards the C60. Here, as the phenyl ligands are forced to adopt identical geometries, 

one phenyl ligand tilts towards the C60 and the other tilts away. This allows for a face-on interaction 

of the phenyl that leans away from C60 with the fullerene, as the significantly shorter height of the 

phenyl ligand leads to an offset of the heights of phenyl centroid and the C60 centroid of 1.5 Å that 

would result in a primarily edge-on contact if the phenyl ligand remained perpendicular to the 

plane of the porphyrin. The adsorption energy of C60 at the bridge site of Ga(OEP)(CCPh) (Table 

5.5) indicates that the bridge site is 0.44 eV less stable than Ga(OEP)(CC-2-Pyrene). A calculation 

where the phenyl ligand is forced to remain orthogonal to the plane of the porphyrin exhibited a 

gas-phase adsorption energy reduced by 0.1 eV.  The center binding of Ga(OEP)(CCPh) systems 

(Figure 5.11b) again exhibits a reduced adsorption energy compared to the bridge site, similar to 

Ga(OEP)(CC-n-Pyrene) systems. The phenyl ligand does not tilt at the center site, as it did at the 

bridge site; the justification for why the optimized structure does not contain this tilt is not currently 
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understood, though as it is not the minimum energy geometry it was not investigated further. As 

incorporation of C60 into Ga(OEP)(CCPh) has not been observed experimentally, this system 

suggests a lower bound on the adsorption energy required to incorporate C60 into Ga(OEP)(R) 

monolayers of ca. 0.9 eV, which could be used as a screening method for other axial ligands.  

 

Figure 5.10. Space-filling models of Ga(OEP)(CC-2-Pyrene) with C60 from above (left) and side 
(right) views at the (a) Bridge, (b) Center binding sites. 
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Figure 5.11. Space-filling models of Ga(OEP)(CCPh) with C60 from above (left) and side (right) 
views at the (a) Bridge, (b) Center binding sites. 
 
Table 5.5. Adsorption Energy and Geometric Parameters of C60 within Monolayers of 
Ga(OEP)(CC-2-Pyrene) and Ga(OEP)(CCPh) at the Bridge and Center Binding Sites. 

a Calculated as the distance from the centroid of the ligand to the centroid of C60 minus the radius 
of C60 (0.35 Å). n.b. As the distance is not measured directly from nuclei to nuclei values below 
the sum of the vdW radii are possible. The identity of the ligand designated as primary is the 
nearest ligand oriented face-on towards C60. b Ligand is oriented edge-on towards C60, distance is 
the shortest nuclei – nuclei distance, CLigand – CC60. 
 

 
 

 Ga(OEP)(CC-2-Pyrene) Ga(OEP)(CCPh) 
Parameter Bridge Center Bridge Center 
Εads(gas) (eV) –1.64 –1.27 –1.15 –0.95 
Εsolv (eV) 0.28 0.10 0.23 0.12 
Εads(solv) (eV) –1.36 –1.17 –0.92 –0.83 
Primary Ligand – C60 Distance (Å)a 3.46 3.94 3.20 3.46 
Secondary Ligand – C60 Distance (Å)a 3.52 4.21 3.44b 5.27 
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5.3.4. Optimized Geometries and Adsorption Energy of C60 within Ga(OEP)(CC-3-

Thiophene) and Ga(OEP)(CCTript) Monolayers. The optimized structure of C60 adsorbed at 

the bridge and center sites of a Ga(OEP)(CC-3-Thiophene) monolayer is shown in Figures 5.12a 

and b, respectively. The adsorption energy (Table 5.6) of C60 with Ga(OEP)(CC-3-Thiophene) at 

the bridge site is slightly more stable (–0.97 eV) than for Ga(OEP)(CCPh) (–0.92 eV). While the 

center site is less stable for Ga(OEP)(CC-3-Thiophene) than the bridge site, as has been determined 

for all systems, it is slightly less stable (–0.77 eV) than Ga(OEP)(CCPh) (–0.83 eV). The thiophene 

ligand does not adopt the tilted conformation exhibited by the phenyl ligand at the bridge site, 

which may be a result of optimizing the C60 – sulfur interaction. That the bridge binding site 

exhibits a slightly greater adsorption energy for C60 with Ga(OEP)(CC-3-Thiophene) than 

Ga(OEP)(CCPh) is qualitatively consistent with experimental results. In these experiments, the 

ratio of filled sites to unfilled sites in the Ga(OEP)(CC-3-Thiophene) systems was lower than 

Ga(OEP)(CC-Pyrene) systems, consistent with the significantly reduced adsorption energy going 

from Ga(OEP)(CC-Pyrene) to Ga(OEP)(CC-3-Thiophene) systems. We note that at high 

concentrations of C60 relative to Ga(OEP)(CC-3-Thiophene), a structure consistent with a 

multilayer of Ga(OEP)(CC-3-Thiophene) with C60 encapsulated between two Ga(OEP)(CC-3-

Thiophene) molecules was observed. Unfortunately, the computational resources required to 

model such a multilayer are beyond our capabilities. 
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Figure 5.12. Space-filling models of Ga(OEP)(CC-3-Thiophene) with C60 from above (left) and 
side (right) views at the (a) Bridge, (b) Center binding sites. 
 
Table 5.6. Adsorption Energy and Geometric Parameters of C60 within a Monolayer of 
Ga(OEP)(CC-3-Thiophene) at the Bridge and Center Binding Sites. 
Parameter Bridge Center 
Εads(gas) (eV) –1.16 –0.89 
Εsolv (eV) 0.19 0.12 
Εads(solv) (eV) –0.97 –0.77 
Primary Ligand – C60 Distance (Å)a 3.50 3.47 
Secondary Ligand – C60 Distance (Å)a 3.50 5.16 

a Calculated as the distance from the centroid of the ligand to the centroid of C60 minus the radius 
of C60 (0.35 Å). n.b. As the distance is not measured directly from nuclei to nuclei values below 
the sum of the vdW radii are possible. The identity of the ligand designated as primary is the 
nearest ligand oriented face-on towards C60. 
 
 Ga(OEP)(CCTript) presents a distinct structure, as opposed to the planar axial ligands 

previously investigated. The 120° angle between the adjacent 6-membered rings results in a cleft 

well-suited for binding C60. The optimized structure (Figure 5.13) demonstrates this, where C60 
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has multiple face-on interactions with two triptycene ligands at the bridge site and an additional 

edge-on interaction with a third triptycene. The adsorption energy for C60 within the 

Ga(OEP)(CCTript) monolayer (Table 5.7) is nearly equal to the adsorption energy of the 

maximum binding site of the Ga(OEP)(CC-1-Pyrene) system, despite retaining a tileable structure. 

Interestingly, experimental investigation of this system has revealed only sporadic incorporation 

of C60 into the Ga(OEP)(CCTript) monolayer. Given the calculated results, we hypothesize that 

the triptycene ligands may adopt an orientation that blocks the C60 binding site upon formation of 

the Ga(OEP)(CCTript) monolayer. The ligands may be kinetically trapped in this orientation, 

which would prevent widespread adsorption of C60 upon sequential addition. This suggests that 

further investigation of this system is warranted using either a pre-mixed deposition method, to 

avoid preformation of the potentially sterically blocked binding sites, or deposition at elevated 

temperatures, in order to overcome the activation barrier for rearrangement of the triptycene 

ligands. 

 
Figure 5.13. Space-filling models of Ga(OEP)(CC-3-Triptycene) with C60 from above (left) and 
side (right) views at the (a) Bridge, (b) Center binding sites. 
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Table 5.7. Adsorption Energy of C60 within a Monolayer of Ga(OEP)(CCTript) at the Bridge 
Binding Sites. 
parameter Bridge 
Εads(gas) (eV) –2.00 
Εsolv (eV) 0.37 
Εads(solv) (eV) –1.63 

 
5.4. Conclusions 

 A method for computationally determining the adsorption energies of C60 within a variety 

of Ga(OEP)(R) monolayers has been investigated incorporating both dispersion interactions and 

solvation effects. Monolayers of Ga(OEP)(CC-1-Pyrene) and Ga(OEP)(CC-2-Pyrene) were both 

determined to have a significant affinity for C60, in agreement with experimental results. The non-

bilaterally symmetric structure of 1-pyrene required investigation of a variety of rotational 

conformers, demonstrating that a highly ordered structure with C60 adsorbed at the bridge site is 

slightly preferrable to one that maximizes the adsorption energy of a single C60 at the expense of 

adjacent binding sites. However, the large local adsorption energy may contribute to kinetically 

trapped states that reduce the fraction of C60 occupied binding sites. C60 was determined to be 

substantially less stable within a Ga(OEP)(CCPh) monolayer as compared to the pyrenyl systems, 

in accordance with the lack of experimentally observed adlayer formation. Significantly, the 

adsorption energy of C60 within the Ga(OEP)(CCPh) monolayer suggests a minimum threshold 

that could be used to screen potential axial ligands. 

 In the case of Ga(OEP)(CC-3-Thiophene), a slightly more favorable adsorption energy for 

C60 was found than for Ga(OEP)(CCPh), though it was significantly less stable than either of the 

Ga(OEP)(CC-Pyrene) systems, in agreement with experimental results. Ga(OEP)(CCTript) 

monolayers were found to have a substantial affinity for C60, rivaling that of the maximized 
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conformer of Ga(OEP)(CC-1-Pyrene); the lack of widespread incorporation observed 

experimentally provides an impetus to reexamine this promising system. 

 These calculations have provided significant insight into the on-surface structures and 

adsorption energies of C60 within the Ga(OEP)(R) structures studied here and could be used to 

screen other similar systems; however, the utility of these calculations relies on the relative 

similarities of the axial ligands. Future attention should be turned towards incorporating entropic 

effects into these calculations so that free energies can be determined. This would provide a 

physically meaningful measure of stability, rather than relying on the comparison of relative 

adsorption energies, thus expanding the applicability of this method to a wide variety of hosts, 

guests, and structures. 
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CHAPTER 6 

Supplementary Information 

6.1. Chapter 2 Supplementary Information 

6.1.1. Benchmarking DFT Functionals for Graphite, MoS2, and Metalloporphyrins. 

In order to make comparisons among DFT-calculated structures and adsorption energies of 

metalloporphyrins on MoS2 and graphite, it is necessary to use a consistent density functional 

because calculated structures and energies can functional-dependent.1 To test the suitability of 

functionals for these calculations, the structures of both 4L-MoS2 and 4L-graphite were calculated 

and compared to their experimental crystal structures.  Calculations with the optb86b were found 

to reproduce both the in-plane lattice parameter, angles and, importantly, the dispersion-dominated 

interplanar separation of a 4L-MoS2 slab (Table 6.1) and 4L-graphite slab (Table 6.2). Notably, 

the commonly used dispersion-corrected functional, vdW-DF, overstimates interplane lattice 

parameter by more than 0.4 Å for the 4L graphite slab. Given this, the optb86b functional was used 

for all subsequent calculations. 

Table 6.1. Experimental Lattice Parameters of MoS2 and Calculated Lattice Parameters of 4L 
MoS2.  

 Parameter Experimental DFT (optb86b) 
a (nm) 0.316 0.316 
c (nm) 1.232 1.230 
Mo–S Bond Length (Å) 2.39 2.41 
S–Mo–S Bond Angle (°) 80.3 81.5 

 
Table 6.2. Experimental Lattice Parameters of HOPG and Calculated Lattice Parameters of 4L 
Graphite. 

Parameter Experimental DFT (optb86b) DFT (vdW-DF) 
a (nm) 0.246 0.246 0.246 
c (nm) 0.671 0.671 0.716 
C–C bond length (Å) 1.42 1.42 1.42 
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Having determined an appropriate functional for the graphite and MoS2 components of the 

systems, the suitability of this functional for metalloporphyrins was investigated. The structures of 

Ni(OEP) and Ga(OEP)Cl, representative examples of 4-coordinate and domed 5-coordinate 

metalloporphyrins, respectively, were calculated in PW-DFT using the optb86b functional. 

Selected bond lengths for Ni(OEP) and bond lengths and angles for Ga(OEP)Cl are listed in Tables 

6.3 and 6.4, respectively. These values are in reasonably good agreement with those from crystal 

structures, with similar N–C bond lengths for both porphyrins. The Ni–N bond lengths are in good 

agreement, although a small elongation is observed in the calculated Ga–N bond lengths (~0.025 

Å) along with an increase in the doming type distortion of the Ga center, as evidenced by the 

slightly larger average N–Ga–Cl angle (102.2° by DFT; 101.3° in crystal structure). It has been 

previously noted that these discrepancies may arise from intrinsic differences between the gas-

phase equilibrium structure and the structure determined by single-crystal X-ray diffraction 

methods.2 Given that the discrepancies between the calculated structures and the crystal structures 

are small relative to their respective values, the optb86b functional was determined to be suitable 

for metalloporphyrins and interfacial systems. 

Table 6.3. Selected Bond Lengths (Å) for Ni(OEP) Calculated by PW-DFT and from Single-
Crystal X-ray Diffraction Data. 

Parameter DFT (optb86b) Experimentala 

Ni–N(1)  1.952 1.958(4) 
Ni–N(2) 1.952 1.946(4) 
Ni–N(3) 1.952 1.958(4) 
Ni–N(4) 1.952 1.946(4) 
N–C (avg.) 1.382 1.385(10) 

a Values from Ref. 3 
 

 

 



 269 

Table 6.4. Selected Bond Lengths (Å) and Angles (°) for Ga(OEP)Cl Calculated by PW-DFT and 
from Single-Crystal X-ray Diffraction Data. 

Parameter DFT (optb86b) Experimentala 
Ga–N(1)  2.053 2.033(4) 
Ga–N(2) 2.054 2.030(4) 
Ga–N(3) 2.064 2.038(4) 
Ga–N(4) 2.064 2.037(4) 
Ga–Cl 2.237 2.2397(13) 
N(1)–Ga–Cl 102.4 102.2(1) 
N(2)–Ga–Cl 102.4 100.9(1) 
N(3)–Ga–Cl 102.0 101.3(1) 
N(4)–Ga–Cl 101.8 100.8(1) 
N–C (avg.) 1.376 1.379(11) 

a Values from Ref. 4. 
 

6.1.2. Effect of Layer-Number on the Structure and Adsorption Energy of Ni(OEP) 

on MoS2. In addition to the calculations performed on the interface of Ni(OEP) and 1L-MoS2, 

calculations were also conducted using 2L- and 4L-MoS2 substrates with Ni(OEP) in order to 

address several questions. First, as comparisons between molecular monolayers on bulk substrates 

and 1L substrates are limited (see Chapter 2), these calculations can determine whether significant 

layer-number dependence would be expected to arise in the optimized structure or adsorption 

energy of molecular monolayers on MoS2. Second, as the systems that were studied experimentally 

in Chapter 2 include supporting layers of polycrystalline Au beneath the 1L-MoS2, these 

calculations serve as a proxy for the importance of including supporting layers. (While 1L-MoS2 

supported on few-layer Au would serve as a more effective system for testing this, modeling such 

a system is extremely computationally intensive due to the need for (a) fully relativistic 

pseudopotentials and (b) a larger unit cell to minimize the distortion applied to MoS2 required to 

enforce periodicity in a cell containing the incommensurate lattices of MoS2 and Au.5) It was 

determined that as the number of layers of MoS2 increases from 1L to 2L, the separation between 

Ni(OEP) and MoS2 decreases slightly (0.04 Å) and the nickel atom resides further below the C20N4 
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plane (0.015 Å for 1L; 0.027 Å for 2L; Figure 6.1a and b). Further, the adsorption energy in the 

system increased by 0.12 eV going from 1L- to 2L-MoS2 (Table 6.5). The effects of two additional 

layers of MoS2, from 2L to 4L (Figure 6.1c and Table 6.5), were comparatively small. It is unlikely 

that these small changes in the structure and adsorption energy with respect to the number of layers 

would significantly alter the stability or experimentally observed geometries of self-assembled 

monolayers of porphyrins on MoS2. Therefore, all other calculations were carried out using 1L-

MoS2 given the significant savings of computational resources compared to using 2L-MoS2. 

 
Figure 6.1. Calculated adsorbate–substrate distances of Ni(OEP) on MoS2 (Bridge 22.5°) and 
displacements of the C20N4Ni nuclei from the plane of best fit of the C20N4 macrocycle in units of 
0.01 Å (bottom): (a) 1L MoS2, (b) 2L MoS2, and (c) 4L MoS2. The adsorbate–surface distance is 
determined from the planes of best fit for the top layer of S atoms and the C20N4Ni macrocycle. 
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Table 6.5.  Calculated Adsorption Energy and Adsorbate–Surface Distance for Ni(OEP) on 1L, 
2L and 4L MoS2. 

Parameter 1L MoS2 2L MoS2 4L MoS2 
Adsorption energy (eV) –3.33 –3.45 –3.43 
Adsorbate–surface distance (Å)a 3.30 3.26 3.25 

a Determined from the planes of best fit of the top layer of S atoms and the C20N4 macrocycle. 
 

6.1.3. Analysis of Structural Parameters of Ni(OEP) at Various Binding Sites on 1L-

MoS2 and Effect of Constrained Optimization. In an effort to understand the relative stability 

of the Bridge 22.5º binding site, structural parameters were extracted from the optimized geometry 

of Ni(OEP) on 1L-MoS2 at each binding site (Table 6.6), specifically, the adsorbate–surface 

distance, the average S–metalloporphyrin atom distance, the number of close S–metalloporphyrin 

atom contacts, and the number of unique S–metalloporphyrin atom contacts. Each of these 

represent a method to quantify the contact between the surface S atoms and the metalloporphyrin 

atoms. The only structural parameter that is observed to correlate with adsorption energy is the 

inverse relationship between the average S–metalloporphyrin atom distance when comparing 

rotational conformers at a single binding site, though this correlation does not hold true when 

comparing the various binding sites. No single parameter or combination of parameters can be 

found that show a direct correlation with the adsorption energy when compared across all binding 

sites. The data suggest that a multitude of factors lead to the trends observed in the adsorption 

energy, including those not yet understood. 
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Table 6.6. Adsorption Energy and Various Structural Parameters of Ni(OEP) at Binding Sites on 
1L-MoS2. 

Binding Site 
Adsorption 
Energy (eV) 

Adsorbate–
surface 

distance (Å)a 

Avg. S–
C20N4NiC8 

Distance (Å)b 

Close S–
C20N4NiC8 
Contactsc 

Unique S–
C20N4NiC8 
Contactsd 

Center –3.23 3.28 3.50 43 16 
Center 7.5° –3.25 3.28 3.52 45 17 
Center 15° –3.28 3.28 3.55 51 18 

Top –3.21 3.29 3.53 43 17 
Top 7.5° –3.20 3.31 3.52 37 17 
Top 15° –3.17 3.31 3.50 35 15 
Bridge –3.16 3.31 3.52 46 18 

Bridge 22.5° –3.33 3.30 3.54 43 14 
Bridge 45° –3.16 3.30 3.52 43 18 

a The adsorbate–surface distance is determined from the planes of best fit of the top layer of C 
atoms and the C20N4 macrocycle. b The average distance between C, N, Ni atoms and their nearest 
S contacts, excluding the CH3 carbon atoms. c Total number of S–C, S–N, S–Ni distances within 
110% of the sum of the S and C van der Waals radii (3.8 Å). d Number of unique S atoms within 
110% of the sum of the S and C van der Waals radii (3.8 Å) of any C, N, Ni atoms. 
 

Adsorption energies were also determined with geometric constraints to compare the 

relative adsorption energy of the binding sites in the absence of small structural differences 

between the substrate or the metalloporphyrin (Table 6.7). When the Mo and S nuclei were frozen 

in their optimized geometry from the isolated calculation, the adsorption energies are either 

identical or exhibit a minimal change (maximum 0.02 eV for Center 15°). The trends calculated 

for the adsorption energy amongst the various rotational conformers remain the same with the 

exceptions of the Center 7.5° and Center 15° sites being isoenergetic, though the adsorption energy 

differed by only 0.03 eV in the unconstrained system. If the entire system is frozen in its optimized 

geometry from the isolated systems with the adsorbate–surface distance fixed at 3.30 Å, the 

adsorption energies decrease at all binding sites compared to the unconstrained systems (0.02 eV 

– 0.04 eV), though the trends in the adsorption energies among the binding sites remain the same. 

This indicates that these small differences in adsorption energy are intrinsic to the specific binding 

sites. 
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Table 6.7. Adsorption Energy of Ni(OEP) at Various Binding Sites on 1L-MoS2 with Various 
Geometrical Constraints. 

Binding Site 
Adsorption Energy 

(eV)a 
Adsorption Energy (eV) 

OEP Relaxationb 
Adsorption Energy (eV) 

No Relaxationc,d 
Center –3.23 –3.25 N/A 

Center 7.5° –3.25 –3.26 N/A 
Center 15° –3.28 –3.26 –3.26 

Top –3.21 –3.21 –3.17 
Top 7.5° –3.20 –3.19 N/A 
Top 15° –3.17 –3.16 N/A 
Bridge –3.16 –3.16 –3.14 

Bridge 22.5° –3.33 –3.32 –3.30 
Bridge 45° –3.16 –3.16 –3.13 

a No constraints were placed on any nuclei. b Mo and S nuclei were frozen in their optimized 
geometries from the isolated MoS2 monolayer calculation. c All nuclei were frozen in their 
optimized geometries from their respective isolated calculations. The adsorbate–surface distance, 
determined from the planes of best fit of the top layer of S atoms and the C20N4 macrocycle, was 
fixed at 3.30 Å for all systems. d Only tested at selected binding sites. 
 

6.1.4. Adsorption Energy of Nickel(II) Porphine on Graphite and 1L MoS2. The 

contribution of the peripheral substituents of the porphyrin to the adsorption energy was 

determined by comparing the adsorption energy of Ni(OEP) to nickel porphine (Ni(Por)) on 1L 

MoS2 and graphite, where the eight ethyl groups in the β positions of the porphyrin are replaced 

by hydrogen atoms. The adsorption energy of Ni(Por) is significantly smaller on both graphite and 

1L-MoS2 than Ni(OEP), by 1.34 eV and 1.29 eV, respectively (Table 6.8; Tables 2.8 and 2.10 for 

Ni(OEP)). In agreement with the adsorption energies found for Ni(OEP), Ni(Por) exhibits a greater 

adsorption energy on graphite than on 1L-MoS2. The difference between adsorption energies of 

Ni(OEP) and Ni(Por) can be used to estimate the contribution to adsorption energy from the CH2 

groups on each surface; f each CH2 contributes 0.17 eV on graphite and 0.16 eV on 1L-MoS2. This 

value is in reasonable agreement with temperature-programmed desorption measurements of the 

desorption barrier for n-alkanes, which range from 0.11 eV–0.15 eV per carbon for n = 3 – 8.6,7 

The higher values calculated for the CH2 groups are not surprising as contributions from the 
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peripheral hydrogen atoms in the β positions of Ni(Por) are assumed to be zero. These 

observations, along with the small variations in adsorption energy in the series of M(OEP)s 

discussed in Chapter 2, indicate that despite the significant geometric and electronic differences of 

HOPG and MoS2, the energetics of the adsorption of porphyrins are very similar. The isolation of 

the contribution of the metal center and the peripheral substituents indicate that this similarity is 

not a result of a fortuitous sum of discrepant constituent parts, but agrees for each component. 

Table 6.8. Adsorption Energy of Ni(Por) on 4L Graphite and Monolayer MoS2.  
Ni(Por) 

Parameter 4L Graphite ML MoS2 
Adsorption energy (eV) -2.27 -2.04 
Adsorption energy difference from Ni(OEP) (eV)a 1.34 1.29 
Adsorption energy per CH2 (eV)b -0.17 -0.16 

a Compared to adsorption energy of Ni(OEP) on identical substrate. b Contribution of eight 
hydrogen atoms in β positions are not considered. 
 

6.1.5. Deconvolution of Atomic and Constituent Contributions to Charge Density 

Differences. The contributions of the various atoms and moieties to the charge density difference 

(CDD) were determined according to Equation 6.1: 

δdiff = δInt – δS/P   (6.1) 

Where δdiff is the difference in partial charge for an atom and δInt and δS/P are the partial 

charges of the same atom at the interface and in either the isolated surface (δS) or porphyrin (δP) 

structure. The partial atomic charges were determined using the DDEC6 program, which 

deconvolutes the atomic contributions from the PW-DFT calculated charge density.8-13 The atomic 

and moietic contributions to the charge density difference for Ni(OEP), Zn(OEP), Ga(OEP)Cl and 

H2OEP for the lowest energy rotational conformer at each binding site are shown in Tables 6.9, 

6.10, 6.11, and 6.12, respectively. We note that the sums of the partial charges of the atoms or 

moieties are significantly larger than what was reported using the plane-averaged method in 
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Chapter 2 (Table 2.11). That the magnitude of CDD using the sum of partial charges is larger than 

when using the plane-averaged totals is expected, because when the charge density of the interface 

is plane-averaged, any overlapping charge density in the direction orthogonal to the plane will be 

canceled out. However, given the discrepancies between the two methods, we focus on the relative 

magnitudes of the partial atomic charges of the constituents.  

Generally, the atomic contributions indicate that the vast majority of the charge donation 

from the OEPs to MoS2 is from the macrocycle and CH2 groups (75%–90%), as would be expected 

given their relative proximity to the surface, whereas the CH3 groups far from the surface show a 

very small contribution. The only significant difference calculated between these systems is the 

role of the metal center. For Ni(OEP),Ni is calculated to account for approximately 10% of the 

total donated charge, whereas for other systems the metal contribution is either very small (3% for 

Zn(OEP)) or negligible (H2OEP and Ga(OEP)Cl). These calculations further support the 

conclusion in Chapter 2, that while small metal-center dependent differences in the charge 

redistribution at the MoS2 interface do exist, tuning the surface density of the porphyrins is likely 

to engender much larger differences between systems.  

Table 6.9. Atomic Contributions to Charge Density Difference for Ni(OEP) on Monolayer MoS2 
at Various Binding Sites. 

 CDD (e–) 
Ni(OEP) Center 15° Top 0° Bridge 22.5° Average 

Ni –0.03 –0.04 –0.03 –0.03 
C20N4H4a –0.17 –0.17 –0.17 –0.17 

(CH2)8 –0.08 –0.07 –0.08 –0.08 
(CH3)8 –0.04 –0.04 –0.04 –0.04 
Total –0.32 –0.32 –0.32 –0.32 

a C20N4H4 refers to the atoms of the porphyrin macrocycle, including the hydrogens attached to 
the meso carbons. 
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Table 6.10. Atomic Contributions to Charge Density Difference for Zn(OEP) on Monolayer MoS2 
at Various Binding Sites. 

 CDD (e–) 
Zn(OEP) Center 15° Top 0° Bridge 22.5° Average 

Zn –0.01 0.00 –0.01 –0.01 
C20N4H4a –0.19 –0.19 –0.20 –0.19 

(CH2)8 –0.09 –0.07 –0.09 –0.08 
(CH3)8 –0.03 –0.03 –0.04 –0.04 
Total –0.32 –0.29 –0.34 –0.32 

a C20N4H4 refers to the atoms of the porphyrin macrocycle, including the hydrogens attached to 
the meso carbons. 
 
Table 6.11. Atomic Contributions to Charge Density Difference for Ga(OEP)Cl on Monolayer 
MoS2 at Various Binding Sites. 

 CDD (e–) 
Ga(OEP)Cl Center 15° Top 0° Bridge 22.5° Average 

Ga 0.00 0.00 0.00 0.00 
Cl –0.01 –0.01 –0.01 –0.01 

C20N4H4a –0.15 –0.17 –0.18 –0.17 
(CH2)8 –0.10 –0.07 –0.08 –0.08 
(CH3)8 –0.03 –0.03 –0.04 –0.03 
Total –0.29 –0.28 –0.31 –0.29 

a C20N4H4 refers to the atoms of the porphyrin macrocycle, including the hydrogens attached to 
the meso carbons. 
 
Table 6.12. Atomic Contributions to Charge Density Difference for H2OEP on Monolayer MoS2 
at Various Binding Sites. 

 CDD (e–) 
H2OEP Center 15° Top 0° Bridge 22.5° Average 

H2 0.00 0.00 0.00 0.00 
C20N4H4a –0.18 –0.19 –0.15 –0.17 

(CH2)8 –0.08 –0.07 –0.11 –0.09 
(CH3)8 –0.04 –0.03 –0.04 –0.04 
Total –0.30 –0.29 –0.30 –0.30 

a C20N4H4 refers to the atoms of the porphyrin macrocycle, including the hydrogens attached to 
the meso carbons. 
 
6.2. Chapter 3 Supplementary Information 

 6.2.1. Effect of Dispersion Corrections on Relative Energy of Porphyrin Dimer 

Conformers. The optimized geometries and energies of 3 and 4 were determined by DFT using 

the B3PW91 functional, either with or without D3 dispersion corrections. All other parameters of 
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the calculations were identical. It was found that when the geometries of 3 and 4 were optimized 

without the inclusion of dispersion corrections, the folded structures were not stable and would 

relax to the extended structures. The relative energies of the folded structures without dispersion 

corrections were determined by performing a single point energy calculation at the optimized 

geometry calculated with the inclusion of dispersion corrections. The relative energies (Table 6.13) 

show that for 3 and 4 the inclusion of D3 dispersion corrections results in the folded structure being 

more stable than the extended structure by 32.71 kcal/mol and 9.78 kcal/mol, respectively; without 

dispersion corrections, the extended structures are found to be more stable by roughly 26 kcal/mol 

in both cases. We find that dispersion corrections are vital for modeling the folded structures of 3 

and 4 observed by X-ray crystallography and were included in all subsequent calculations of 

porphyrin dimer complexes.  

Table 6.13. Relative Energy of Porphyrin Dimer Conformers with and without Inclusion of D3 
Dispersion Corrections. 
 3 4 
System Extendeda Folded Extendeda Folded 
B3PW91-D3 0.00 –32.71 0.00 –9.78 
B3PW91 0.00 25.91b 0.00 26.03b 

a Energy of all extended structures are independently defined as 0.00 kcal/mol. The energies of 3 
and 4 are not comparable. b Geometry optimizations without D3 dispersion corrections starting 
from the folded structures of 3 or 4 resulted in the extended structures. The energy of the folded 
structure was determined from a single point calculation at the optimized geometry found for the 
folded structure with D3 dispersion corrections. 
 

6.2.2. Temperature Dependence of Molecular Structure of 3. Given the solvent 

dependent conformations that were observed for 3, the possibility that the structure of 3 could also 

exhibit temperature dependence was investigated by means of variable-temperature 1H-NMR (VT-

NMR) spectroscopy in CDCl3 and C6D3Cl3. VT-NMR spectra of 3 in CDCl3 from 25 °C to 50 °C 

are shown in Figure 6.2 and the changes in the chemical shifts of the resonances in Table 6.14. All 

shifts are reported relative to the CHCl3 solvent residual at 25 °C (7.26 ppm). While CHCl3 is 
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known to exhibit a temperature-dependent chemical shift due to the excitation of vibrational and 

rotational modes,14 the assumption of a constant solvent residual allows for conformational 

changes of 3 to be isolated from changes in the chemical shift that would occur even without a 

major conformational change. The peak shape in these spectra is the result of poor shimming rather 

than degradation, as the solvent residual exhibits the same profile. As the temperature increases 

from 25 °C to 50 °C, downfield shifts of 0.10 ppm, 0.09 ppm, and 0.04 ppm are observed for the 

meso (OEP), CH2, and CH3 protons residing on the Ga(OEP) unit, respectively. Upfield shifts with 

increasing temperature are generally observed for the H2BCP protons; the magnitude of the shifts 

varies between the protons with meso (BCP) (0.1 ppm) > β1 (0.06 ppm) > β2 (0.02 ppm) and no 

shift being observed for the NH protons. If these changes are compared to those calculated for the 

folded and extended structures of 3 (see Chapter 3, Table 3.11), it is observed that the directions 

of the shifts are consistent with those expected for moving from the folded conformer to the 

extended conformer, though the magnitudes of the changes are much smaller than would be 

predicted if 3 was completely extended. To ensure that these shifts were the result of 

conformational changes and not degradation, a 1H-NMR spectrum was taken after cooling to 25 

°C from elevated temperatures; the shifts were observed to return to the expected values for 3 at 

25 °C, indicating that no substantial degradation took place. Overall, these results indicate that at 

elevated temperatures 3 may undergo small conformational changes towards an extended 

structure, but the conformation should still be considered as folded. 
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Figure 6.2. 1H-NMR spectra (500.13 MHz) of 3 in CDCl3 at various temperatures. Spectra are 
corrected to CHCl3 solvent residual at 25 °C (7.26 ppm). (a) Aromatic region; (b) aliphatic region; 
(c) porphyrin NH region. 
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Figure 6.2, continued. 1H-NMR spectra (500.13 MHz) of 3 in CDCl3 at various temperatures. 
Spectra are corrected to CHCl3 solvent residual at 25 °C (7.26 ppm). (a) Aromatic region; (b) 
aliphatic region; (c) porphyrin NH region. 
 
Table 6.14. Temperature Dependence of 1H-NMR Chemical Shifts of 3 in CDCl3.a  
Resonance 25 °C 30 °C 40 °C 50 °C 25 °Cc 
meso H (OEP) 9.48 9.50 9.54 9.58 9.48 
CH2 (OEP) 3.32 3.33 3.37 3.41 3.32 
CH3 (OEP) 1.52 1.53 1.54 1.56 1.52 
meso H (BCP) 10.11 10.09 10.05 10.01 10.11 
β1 (BCP)b 8.82 8.81 8.78 8.76 8.82 
β2 (BCP)b 6.32 6.32 6.31 6.30 6.32 
NH (BCP) –4.52 –4.52 –4.52 –4.52 –4.52 

a All shifts are reported with respect to the CHCl3 solvent residual at 25 °C (7.26 ppm). b The H 
atoms β1 and β2 are those on the pyrrole groups nearest and farthest, respectively, from the 
carboxylate group. c Returned to 25 °C from 50 °C. 
 

VT-NMR spectra of 3 in C6D3Cl3 from 25 °C to 100 °C are shown in Figure 6.3 and the 

changes in the chemical shifts of the resonances are in Table 6.15. All shifts are reported relative 

to the C6HD2Cl3 solvent residual at 25 °C (6.94 ppm). As the temperature increases from 25 °C to 
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100 °C, small downfield shifts, 0.04 ppm and 0.02 ppm, are observed for the CH2, and CH3 protons, 

respectively, with no shift in the meso (OEP) protons. The H2BCP protons exhibit discrepant 

effects with the meso H (BCP) and the β1 protons exhibiting upfield shifts of 0.07 ppm, the β2 

protons exhibiting no shift, and the NH protons exhibiting a downfield shift of 0.14 ppm. While 3 

was determined to be in a partially extended conformation in TCB in Chapter 3, the direction of 

the temperature dependent changes observed here are not consistent with the expected changes for 

either folding or moving towards a completely extended structure. In addition to the changes in 

the chemical shifts a decrease in the coupling constant of the complex multiplet observed for the 

CH2 protons is observed at elevated temperatures. It has previously been determined in studies of 

mercury15 and thallium16 octaethylporphyrins that the complex multiplet of the CH2 protons is a 

result of diastereotopicity from the metal center being located above the plane of the porphyrin. 

This suggests that the doming distortion of the gallium metal center may decrease as the 

temperature increases. Overall, the VT-NMR experiments demonstrate that only minor 

conformational changes occur at elevated temperatures and interconversion between the folded 

and extended structures is not possible in the temperature range explored. 
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Figure 6.3. 1H-NMR spectra (500.13 MHz) of 3 in C6D3Cl3 at various temperatures. Spectra are 
corrected to C6HD2Cl3 solvent residual at 25 °C (6.94 ppm). (a) Aromatic region; (b) aliphatic 
region; (c) porphyrin NH region. 
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Figure 6.3, continued. 1H-NMR spectra (500.13 MHz) of 3 in C6D3Cl3 at various temperatures. 
Spectra are corrected to C6HD2Cl3 solvent residual at 25 °C (6.94 ppm). (a) Aromatic region; (b) 
aliphatic region; (c) porphyrin NH region. 
 
Table 6.15. Temperature Dependence of 1H-NMR Chemical Shifts of 3 in C6D3Cl3.a  
Resonance 25 °C 50 °C 75 °C 100 °C 25 °Cc 
meso H (OEP) 10.22 10.22 10.22 10.22 10.22 
CH2 (OEP) 3.89 3.91 3.92 3.93 3.89 
CH3 (OEP) 1.78 1.79 1.80 1.80 1.78 
meso H (BCP) 9.24 9.22 9.19 9.17 9.23 
β1 (BCP)b 8.27 8.25 8.22 8.20 8.27 
β2 (BCP)b 6.13 6.13 6.13 6.13 6.13 
NH (BCP) –5.31 –5.26 –5.20 –5.14 –5.32 

a All shifts are reported with respect to the C6HD2Cl3 solvent residual at 25 °C (6.94 ppm). b The 
H atoms β1 and β2 are those on the pyrrole groups nearest and farthest, respectively, from the 
carboxylate group. c Returned to 25 °C from 100 °C. 
 
6.3. Chapter 4 Supplementary Information 

6.3.1. Z-Coordinate Dependence of Simulated STM Images. In the Tersoff-Hamann 

approximation for simulating STM images, one of the parameters that must be chosen is the z-
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coordinate at which the xy plane of the charge density is sampled in order to generate an STM 

image that corresponds to an experimentally acquired constant-height image. Typically, this 

coordinate is chosen to be within a few Å of the vdW surface of the uppermost atoms, in line with 

predictions of the physical distance between the tip and surface in STM images.17,18 Using the 

2:C60 system shown in Figure 4.13, the dependence of these simulated images on the z-coordinate 

was investigated. Simulated STM images with three different z-coordinates are shown in Figure 

6.4. In the simulated images sampled with a z-coordinate above the plane of the porphyrin (Figure 

6.4a), a central feature emerges as the bias voltage is switched from –600 mV to –1200 mV. While 

this initially appears to be a result of the fullerene, this feature is also observed in simulated images 

in the absence of the fullerene (Figure 6.5). Both of the features in these images arise from the four 

pyrrole rings of the porphyrin, where a slight tilt in the upper porphyrin macrocycle with respect 

to the lower macrocycle (3.1° angle between the planes of best fit of the C20N4 macrocycles) results 

in an asymmetric distance from the sampling plane leading to the appearance of two features. In 

simulated images with the z-coordinate through the plane of the off-surface porphyrin (Figure 

6.4b), both features are clearly observed with the fullerene appearing as a ring-like feature as the 

sampling plane intersects the C60 sphere. Finally, when the z-coordinate passes through the center 

of the fullerene (Figure 6.4c), the porphyrin is no longer observed and the terephthalate moiety 

appears; the C60 appears as a larger ring in accordance with the larger diameter in this plane. Given 

these observations, we chose to simulate images with the z-coordinate at the plane of the off-

surface porphyrin.  

While an STM tip at this position is obviously non-physical, this choice allows for 

concurrent investigation of the bias voltage dependence of both the porphyrin and fullerene. 

Furthermore, we note that because both the position in the z-direction of the uppermost atoms and 
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the tunneling probability at any given bias voltage vary between porphyrin and fullerene, 

experimental STM images of these systems are acquired in constant-current mode rather than 

constant-height mode; as a result, any physically meaningful choice of z-coordinate will 

misrepresent the system as it appears when interrogated by an STM in constant-current mode, 

where the position of the tip is not fixed. Using a z-coordinate that passes through both the 

porphyrin and fullerene eliminates the contribution of the positional variance between the two 

components, allowing for exclusive interrogation of the bias voltage dependence and, in our view, 

a better approximation of the experimentally acquired images. Modules for generating simulated 

constant-current STM images with data from the Tersoff-Hamann approximation have been 

developed but are not incorporated into the simulation package used here.19  
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Figure 6.4. Simulated STM images of 2:C60 calculated with a z-coordinate (a) above the plane of 
the porphyrin; (b) through the plane of the porphyrin; (c) bisecting the C60. Space-filling model of 
2:C60 and graphene (left) with red line indicating plane used in simulating STM images at bias 
voltages of –600 mV (middle) and –1200 mV (right). The color mapping is constant throughout 
these images. 
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Figure 6.5. Simulated STM images of (a) 2 and (b) 2:C60 calculated at the z-coordinate of Figure 
6.4a. 
 

6.3.2. Bias Voltage Dependence of TCB within Monolayers of Ni(OEP). The bias 

voltage dependence of 1,2,4-trichlorobenzene (TCB) was investigated as a means of identifying 

and distinguishing features resulting from the coadsorption of the solvent from those that are 

attributed to C60 within the bicomponent monolayers 2:C60 and 4:C60. Deposition of a 1.5 mM 

solution of Ni(OEP) in TCB results in the formation of widespread monolayers adopting a square 

structure with tunneling density observed in the region between the Ni(OEP) features. The 

appearance of these features changes from a dim spot, considerably darker than the porphyrin 

feature, at –600 mV (Figure 6.6a), to a small bright dot at –900 mV (Figure 6.6b). At more negative 

bias voltages the porphyrin and TCB features show similar tunneling density (Figure 6.6c). In our 

experience, TCB has not been observed at bias voltages less negative than –500 mV, though 

literature reports have observed these features at bias voltages as low as –300 mV.20,21 The bias 

voltage dependence observed here is similar to that observed for the C60 features in Chapter 4, 

suggesting that bias voltage alone cannot distinguish between these two features, though we 
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reiterate from Chapter 4 that TCB features have never been observed in STM images the porphyrin 

dimers.   

 
Figure 6.6. STM images of monolayer of Ni(OEP) on HOPG at the solid–liquid interface showing 
co-adsorbed TCB (1,2,4-TCB, [Ni(OEP)] = 1.5 mM, 25 nm ´ 25 nm) (a) I = 75 pA, V = –600 mV; 
(b) I = 75 pA, V = –900 mV; (c) I = 75 pA, V = –1200 mV.  
 
 6.3.3. STM Measurements of Ga(OEP)Cl in TCB at Various Concentrations. Given 

the very small quantities of material required to form a monolayer and that impurities with a 

concentration below the detection limit of 1H-NMR spectroscopy have been observed to form 

monolayers,22 the concentration thresholds for monolayer formation of small impurities of 5-

coordinate porphyrins present in samples of 1–4 was investigated. At a concentration of 1 mM the 

Ga(OEP)Cl monolayers are clearly present over areas as large as 100 nm ´ 100 nm, showing the 

prototypical square structure observed in TCB (Figure 6.7a and b); however, within these 

monolayers are a relatively large amount of defects where porphyrins are not observed. Increasing 

the concentration of the deposited solution to 2 mM Ga(OEP)Cl results in the formation of 

monolayers without these defects (Figure 6.7c and d). At concentrations below 1.0 mM (ranging 

from 0.5 mM to 0.9 mM) monolayers of Ga(OEP)Cl have not been observed, despite substantial 

effort. 
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Figure 6.7. STM images of Ga(OEP)Cl on HOPG at the solid–liquid interface (TCB, I = 50 pA, 
V = –700 mV): (a) 50 nm ´ 50 nm, [Ga(OEP)Cl] = 1.0 mM; (b) 100 nm ´ 100 nm, [Ga(OEP)Cl] 
= 1.0 mM; (c) 50 nm ´ 50 nm, [Ga(OEP)Cl] = 2.0 mM; (d) 100 nm ´ 100 nm, [Ga(OEP)Cl] = 2.0 
mM. 
 
 This concentration threshold for monolayer formation of around 1 mM for Ga(OEP)Cl in 

TCB is significantly higher than in 1-phenyloctane, and also in contrast with recent reports of 

Co(OEP) monolayers which were observed by STM when deposited from TCB solutions with 

concentrations as low as 10 µM.20 While it should be noted that the concentration thresholds are 
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dependent on factors such as the free energy of solvation of the porphyrin and therefore 4- and 5-

coordinate porphyrins would not be expected to be identical, such a gross difference is surprising 

and was investigated further. To establish that this difference is a result of porphyrin identity rather 

than an unknown experimental discrepancy, Ni(OEP) was deposited as a 50 µM solution from 

TCB resulting in the formation of monolayers as shown in Figure 6.8. The ability to image stable 

monolayers of Ni(OEP) at concentrations more than an order of magnitude lower than observed 

for Ga(OEP)Cl confirm that the high concentration threshold is intrinsic to this porphyrin. While 

these experiments are not perfectly analogous to those where a small concentration of 5-coordinate 

porphyrin is present along with large quantities of 1–4, the gross differences between the 

concentration threshold observed for pristine monolayers of Ga(OEP)Cl and that of the samples 

of 1–4 make it highly improbable that the monolayers observed with these samples are due to the 

selective adsorption of porphyrin impurities. 

 
Figure 6.8. STM images of Ni(OEP) on HOPG at the solid–liquid interface (TCB, [Ni(OEP)] = 
50 µM, I = 120 pA, V = –600 mV): (a) 25 nm ´ 25 nm; (b) 10 nm ´ 10 nm. 
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6.4. Chapter 5 Supplementary Information 

 6.4.1. Influence of Graphene on the Adsorption Energy of C60 within Monolayers of 

Ga(OEP)(R) Complexes. Including surface atoms within simulations of adsorbed molecules 

drastically increases the computational cost of performing these calculations. We hypothesized 

that removing graphene after determining the optimized structure of an adsorbed Ga(OEP)(R) 

complex would not drastically alter the relative adsorption energies of C60, as the graphene would 

be expected to provide a constant influence on the geometry of the adsorbed Ga(OEP) subunit and 

would not be expected to have a discrepant contribution towards the adsorption energy of C60 

between Ga(OEP)(R) systems. The adsorption energy of C60 within monolayers of Ga(OEP)(CC-

n-Pyrene) and Ga(OEP)(CCPh) with and without a 1L sheet of graphene (Table 6.16) shows that 

the graphene contributes –0.07 eV to –0.08 eV to the adsorption energy—a small but virtually 

identical contribution across the three systems. Based on this we conclude that calculating the 

adsorption energy of C60 without the presence of graphene is justified given the substantial 

computational resources required to model such a layer. 

Table 6.16. Comparison of Adsorption Energies of C60 with Ga(OEP)(R) Complexes with and 
without a 1L Sheet of Graphene at the Bridge Binding Site. 
 Εads(gas) (eV) 
System With Graphene Without Graphene 
Ga(OEP)(CC-1-Pyrene) –1.84 –1.77 
Ga(OEP)(CC-2-Pyrene) –1.72 –1.64 
Ga(OEP)(CCPh) –1.22 –1.15 

 
6.4.2. Rotational Orientation Dependence of the Adsorption Energy of C60 with CC-

1-Pyrene. It was determined during initial calculations of C60 with Ga(OEP)(R) complexes that 

the optimized structures did not consistently relax to any particular rotational orientation of the C60 

with respect to the axial ligand. In order to determine whether there was a significant dependence 

of the adsorption energy of C60 on the rotational orientation, the adsorption energy of C60 with CC-
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1-Pyrene was determined at five rotational orientations (Figure 6.9). The dependence of the 

adsorption energy of C60 on the rotational orientation was determined to be only 0.04 eV (Table 

6.17). As this effect is quite small, rather than attempting to enforce the rotational orientation of 

C60, we take this as the lower bound for meaningful differences in adsorption energy in these 

systems. 

 
Figure 6.9. Rotational orientations where the adsorption energy of C60 with 1-pyrene was 
calculated. The closest carbon atom(s) to the 1-pyrene (not shown) are displayed in red for 
clarity. 
 
Table 6.17. Rotational Orientation Dependence of the Adsorption Energy of C60 with 1-Pyrene. 
Orientation Εads(gas) (eV) 
6-Membered Ring –0.62 
5-Membered Ring –0.61 
Carbon –0.61 
6:6 Ring Junction –0.59 
6:5 Ring Junction –0.58 

 
6.4.3. Deconvolution of the Contributions of the Axial Ligand and the Porphyrin 

Substituents to the Adsorption Energy of C60. In the optimized structure of C60 within 

monolayers of Ga(OEP)(R) complexes, close contact between both the axial ligand and the 

upturned ethyl groups of the porphyrin with C60 are observed. In order to deconvolute the 

contributions of these two components and determine whether differences in binding sites were 

due solely to the axial ligand or in part due to the porphyrin substituents, the adsorption energies 

of C60 at the bridge and center sites were calculated with the corresponding Ga(Por)(CC-Pyrene) 

(Por = porphine) complexes, where all the peripheral substituents are hydrogens. The calculations 
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show that the upturned ethyl groups contribute 0.44 eV of the gas-phase adsorption energy for the 

Ga(OEP)(CC-1-Pyrene) systems and 0.36 eV – 0.38 eV of the gas-phase adsorption energy for the 

Ga(OEP)(CC-2-Pyrene) (Table 6.18; Tables 5.3 and 5.5 for Ga(OEP)(CC-Pyrene)). This 

demonstrates that the difference in adsorption energies for Ga(OEP)(CC-1-Pyrene) and 

Ga(OEP)(CC-2-Pyrene) is in part due to differing contributions from the ethyl groups of the 

underlying porphyrins. 

Table 6.18. Adsorption Energies of C60 within Monolayers of Ga(Por)(CC-Pyrene) at the Bridge 
and Center Binding Sites. 
 ΔΕads(gas) (eV) 
System Bridge Center 
Ga(Por)(CC-1-Pyrene) –1.33 –1.16 
Ga(Por)(CC-2-Pyrene) –1.26 –0.91 

 
6.4.4. Effect of Independent Optimization of Axial Ligands on the Adsorption Energy 

of C60. In order to minimize computational resources, the minimum number of Ga(OEP)(R) 

complexes required to model a specific adsorption site was used. This corresponds to one 

Ga(OEP)(R) molecule per axial ligand orientation. This results in a system where the axial ligands 

at binding sites where multiple orientations are required have a potentially advantageous relaxation 

pathway that is not possible in systems where only one axial ligand orientation is present, such as 

the leaning of the CC-1-pyrene ligands towards C60 at the center rotated binding site of 

Ga(OEP)(CC-1-Pyrene). As these relaxations will destabilize the adjacent binding sites, this could 

lead to an overestimation of the adsorption energy of C60 at this site compared to the intended 

tileable structure. In order to determine the magnitude of this effect, the adsorption energy of C60 

within monolayers of several Ga(OEP)(R) complexes was calculated at the bridge site with two 

Ga(OEP)(R) molecules explicitly modeled to allow for independent optimization of the axial 

ligands. The adsorption energies demonstrate that the independent optimization of the axial ligands 
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substantially increase the gas-phase adsorption energy by 0.14 eV, 0.15 eV, and 0.06 eV for 

Ga(OEP)(CC-1-Pyrene), Ga(OEP)(CC-2-Pyrene), and Ga(OEP)(CCPh), respectively (Table 

6.19). The increased gas-phase adsorption energy is offset somewhat by an increased solvation 

energy for Ga(OEP)(CC-1-Pyrene) and Ga(OEP)(CC-2-Pyrene), resulting in solvated-phase 

adsorption energies that are 0.03 eV–0.08 eV greater than those calculated with identical axial 

ligands. As a result, when the adsorption energy of a structure where axial ligand equivalence is 

enforced is similar to that with non-identical axial ligands, the structure with identical axial ligands 

will be considered lower in energy in the gas-phase. 

Table 6.19. Adsorption energies of C60 at the bridge site of Ga(OEP)(R) monolayers with 
independently optimized axial ligands. 
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