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ABSTRACT 

 

 Molecular self-assembly on surfaces has garnered significant interest as a nanofabrication 

process due to its ability to organize large assemblies of molecular building blocks with intrinsic 

properties. Surface-confined two-dimensional (2D) self-assembled monolayers based on small, 

planar organic and organometallic molecules at the solid-liquid interface have been heavily 

investigated due to their propensity to produce highly specific patterns that is determined by 

molecular design, as well as the variation in sample preparation conditions such as solution 

concentration, temperature, and choice in solvent. The focal point of the research presented in 

this work is to explore the use of metalloporphyrins, which have been shown to form well-

ordered, extensive supramolecular assemblies on atomically flat substrates and can also support 

axial ligands through covalent interactions through the metal centers, as molecular building 

blocks to extend the 2D structures into functional 3D systems. 

 In Chapter 2, the preparation, characterization, and self-assembled monolayer formation 

of Ga(III) meso-tetra(n-C10H21)porphyrins [Ga(TC10P)X] with axial oligo-phenylene-ethynylene 

(OPE) ligands [Ga(TC10P)(OPE)] are discussed. Scanning tunneling microscopy (STM) imaging 

of the monolayers formed by these complexes at the solid-liquid interface shows that the packing 

arrangement of these structures is identical to that of the free-base derivative, which shows that 

the incorporation of tall, pillared structures as axial ligands does not disrupt the formation of self-

assembled monolayers in which the porphyrin cores are oriented parallel to the substrate and also 

indicates that Ga(III)-porphyrin monolayers can be used to anchor functional molecules above 

the surface. 
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 The subsequent chapters focus on Ga-porphyrin complexes prepared through alternative 

ligand-attachment chemistry. In Chapter 3, the synthesis and characterization of novel Ga-

porphyrin-carboxylate and aryloxide complexes are presented. Taking advantage of the facile 

reactivity of Ga(TC10P)(OH) towards carboxylic acids and aryl alcohols, a variety of novel dyads 

with functional axial subunits such as chromophores and electroactive centers were prepared. 

The self-assembly of the newly prepared complexes at the solid-liquid interface is reported in 

detail in Chapter 4. In Chapter 5, the self-assembly of Ga(TC10P)(OH) at the solid-liquid 

interface and subsequent attempts to chemically modify the monolayers post-deposition are 

discussed.  
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CHAPTER 1 

Introduction 

Many of the advances made in electronic technologies depend upon the continual 

miniaturization of structural components. The traditional top-down approach towards device 

fabrication, which is well-represented by lithographic techniques, can produce intricate 

architectures on the nanoscale.
1, 2

 While such techniques have yet to reach their fundamental 

physical limits, there has been a growing interest in exploring bottom-up nanofabrication. This 

involves the organization of pre-synthesized molecular building blocks with desired properties to 

create functional nanostructures. This approach is attractive for miniaturization because the size 

of a molecule (on the order of ~1 nm) is small compared to the scale length currently achievable 

by top-down nanofabrication techniques.
3, 4

 A fundamental challenge for the development of 

bottom-up nanofabrication lies in the need to controllably organize the molecular building blocks 

on a large scale. Scanning probe microscopy (SPM) has allowed the precise positioning of single 

atoms and molecules through direct manipulation.
5-9

  However, this method of organizing 

nanostructures is inherently not scalable due to its slowness and extreme conditions (e.g., low 

temperature under ultra-high vacuum (UHV)) required for the process.  

An alternative strategy for bottom-up nanofabrication involves the use of molecular 

building blocks that can spontaneously organize into well-defined supramolecular structures 

through non-covalent interactions. Molecular self-assembly of functional molecules is attractive 

because:
10

 1) it is an inherently parallel process, which allows for the rapid generation of 

structures; 2) it can generate structures with sub-nanometer precision; and 3)  three-dimensional 

architectures can be generated. Self-assembly at the interface with a surface, such as an 

electrode, affords the opportunity to electronically address the resulting structure. An archetypal 
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example are the self-assembled monolayers (SAMs) of alkanethiols on thin metal films (most 

commonly on Au, but SAMs on Pd, Ag, Cu, and Hg have also been studied) with metal-sulfur 

bonds between the substrate and the thiol head groups (Figure 1.1).
11

 These systems offer the 

opportunity to install functional molecules above the substrate at the end of the alkanethiols 

orienting away from the surface. The functional entities are generally embedded into a matrix of 

nonfunctionalized spacer molecules either by the coadsorption of multiple components,
12-15

 or by 

the insertion of functionalized thiols into defect sites of pre-formed SAMs.
16-20

 As a result, while 

functional molecules can be positioned controllably in the vertical direction, their distribution 

within mixed adlayers is often ill-defined, thus making the preparation of systems with well-

defined 2D arrangements generally difficult to achieve. 

 

Figure 1.1. Schematic representation of an alkanethiol-based SAM on a gold surface with a 

randomly incorporated functional unit. 

A different class of self-assembled monolayers is represented by two-dimensional 

supramolecular assemblies of planar organic and organometallic molecules physisorbed on 

atomically flat substrates, where the molecular planes are oriented parallel to the surface.
21-28

 

These systems have garnered significant interest since they provide opportunities to achieve two-
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dimensional morphological control over molecular arrangements with sub-nanometer precision 

through molecular design. The packing geometry and intermolecular distances are manipulated 

through the incorporation of substituents that can engage in directional (e.g., hydrogen bonding, 

dipole-dipole, metal-ligand coordination) or non-directional (e.g., van der Waals) intermolecular 

interactions, as well as through other experimental variables such as supernatant concentration, 

temperature, and the substrate.
26

 More recently, there have been efforts to control the spatial 

arrangements of functional molecules in all three dimensions by combining the two-dimensional 

proximity control afforded by supramolecular assembly of the type described above with the 

potential of suitably designed organic molecules to serve as supports for subunits positioned 

above the physisorbed molecular plane. This “platform approach” is exemplified by the use of 

molecules such as triazatriangulenium (TATA) derivatives
29-34

 (Figure 1.2)  and “Janus 

tectons”
35-37

 (Figure 1.3)  to create well-ordered, surface-confined supramolecular assemblies, 

which have been used to position molecular switches,
29-31

 chromophores,
34

 and electroactive 

centers
36, 37

 above the self-assembled monolayers. In principle, the distance between the 

functional unit and the surface can be adjusted by varying the length of the spacer between the 

functional unit and the molecular platform. The ability to control the spatial configuration of 

functional units in all three dimensions makes the platform approach a promising method for the 

controlled organization of functional molecules. 
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Figure 1.2. TATA molecular platforms. (A) Molecular structure of TATA derivatives. (B) Schematic 

representation of a TATA monolayer. 
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Figure 1.3. Janus tecton molecular platforms. (A) Molecular structure of a Janus tecton. (B) 

Schematic representation of a Janus tecton monolayer; the top layers are omitted for clarity. 

Metalloporphyrins and related complexes (e.g., phthalocyanines) also hold great promise 

as molecular platforms due to the synthetic modularity of this class of compounds, as well as 

their demonstrated ability to form well-ordered structures on a variety of substrates (e.g., 

Au(111), Cu(111), highly oriented pyrolytic graphite (HOPG)). Self-assembled porphyrin 

monolayers have been shown to exhibit a wide range of structural arrangements that are 

controlled by structure-directing peripheral substituents,
38-41

 which can be easily incorporated 

through synthetic organic chemistry. Some of the more commonly used peripheral substituents 

include meso-alkoxyphenyl groups, which induce the formation of lamellar structures 
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(characterized by alternating rows of porphyrin cores and interdigitated alkyl chains, which will 

be discussed in greater detail; Figure 1.4a),
42-46

 meso-carboxyphenyl groups, which cause the 

formation hydrogen-bonded networks (Figure 1.4b),
47-49

 and beta ethyl groups 

(octaethylporphyrin), which enable formation of close-packed hexagonal arrays (Figure 1.4c).
50-

57
 Structural perturbations to the aforementioned systems can also be introduced (such as the 

addition of kinks
58

 and chiral centers
59

 within the long-chain substituents, or the use of 

asymmetric porphyrins;
48, 49, 60

 Figure 1.5) to diversify the packing geometries exhibited by the 

self-assembled monolayers. Highly ordered porphyrin supramolecular assemblies on surfaces 

have been investigated both under UHV conditions and also at the solid-liquid interface. While 

the former generally provides images of higher resolution, the latter provides the opportunity for 

the benchtop processing of materials and can be used to study species with low thermal stability 

or large size.
22

 In addition, sample preparation and imaging under ambient conditions are more 

compatible with the goal of developing a scalable bottom-up nanofabrication method. 

 

Figure 1.4a. Schematic example of porphyrin monolayer exhibiting a lamellar arrangement that 

is characterized by alternating rows of porphyrin cores and interdigitated peripheral alkyl side 

chains.  
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Figure 1.4b,c. Schematic example of porphyrin monolayers exhibiting (B) a square lattice based 

on H-bonding interactions, and (C) a hexagonally close-packed porphyrin array. 
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Figure 1.5. Schematic example of a porphyrin monolayer exhibiting an alternating arrangement 

of porphyrin dimers and interdigitated alkyl chains formed by porphyrin molecules containing 

both peripheral alkyl side chains and H-bonding substituents. 

In addition to the two-dimensional spatial control afforded by peripheral substituents, the 

structural modularity of metalloporphyrins is further exemplified by the variety of metal centers 

that can be incorporated, which can govern the electronic and photophysical properties.
61

 

Moreover, by using a metal center that provides an additional coordination site, porphyrin 

assemblies can be extended above the surface through axial ligation. For example, zinc(II) 

porphyrins have been studied extensively due to their propensity to form well-ordered 

monolayers on substrates such as highly ordered pyrolytic graphite (HOPG) and Au(111) under 

various experimental conditions, as well as their affinity for nitrogenous bases which allows for 

the attachment of functional molecules through dative bonding (Figure 1.6).
62-66

 However, this 

structural motif is unsuitable for constructing rigid three-dimensional structures due to the 

reversible nature of dative interactions. An alternative approach is to use a metal center that can 

covalently bind axial ligands. While most of the literature on self-assembled monolayers based 
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on five-coordinate metalloheterocycles involves metal-chloride
67-69

  and metal-oxo 

compounds,
50, 53, 70

 there is an example of a stable, ordered monolayer of a titanium–

phthalocyanine complex on HOPG with the more complex catecholate axial ligand,
70

 which 

hints that axial sites could be used to incorporate functional moieties through a connecting 

ligand. 

 

Figure 1.6. Modification of a Zn(II) porphyrin monolayer through the dative bond approach. 

 Research in our group directed toward this possibility has focused on the use of five-

coordinate gallium(III)-porphyrins as molecular building blocks (Figure 1.7) for preparing self-

assembled monolayers due to the ability of the Ga metal center to covalently bind an axial 

ligand. Since these complexes exhibit a square-pyramidal geometry in which the axial ligand is 

oriented normal to the porphyrin plane,
57, 71-80

 we hypothesized that self-assembled monolayers 

of these five-coordinate metalloporphyrins could be used to produce defined patterns of axial 

functional units positioned at a controllable height above the two-dimensional assemblies, 

provided that self-assembled monolayer formation is not disrupted by the incorporation of the 

axial ligands (Figure 1.8). In the proposed system, the spatial arrangements of functional 
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molecules can be controlled by altering the peripheral substituents, which can define the packing 

geometry and intermolecular distances in the x,y plane, while the distance between the functional 

molecules and the substrate in the z-direction can be adjusted by changing the length of the 

spacer. 

 

Figure 1.7. General molecular structure of a Ga(III) metalloporphyrin. 

 

Figure 1.8. Patterning functional units using five-coordinate gallium(III)-porphyrin self-

assembled monolayers on HOPG. 

Our group has previously investigated the self-assembly of monolayers of Ga(III) 

octaethylporphyrins [Ga(OEP)X; X = Cl, Br, I, O3SCF3, CCPh] at the 1-phenyloctane/HOPG 

interface. The self-assembled monolayers were studied by scanning tunneling microscopy (STM) 

due to the molecular resolution provided by this technique, which allowed for the precise 

determination of the packing geometry and intermolecular distances exhibited by the self-
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assembled structures. HOPG was chosen as the substrate due to its air stability and the ease of 

preparing a clean surface prior to sample deposition, which is achieved simply by manual 

cleavage of the top layers with adhesive tape. The decision to study the self-assembled 

monolayers at the solid-liquid interface, rather than at the solid-air interface or in UHV, was due 

to the self-repairing process that is allowed by the dynamic exchange of adsorbed and solvated 

molecules. This generally results in reproducible and persistent structures.
22

 Our results showed 

that the presence of axial ligands, as well as the variations in axial ligands, had no effect on the 

pseudohexagonal, close-packed arrangement (Figure 1.9) that is typical of self-assembled 

monolayers of four-coordinate M(OEP) compounds (M = Ni,
50

 Co,
51-53

 Pt,
54

 Cu,
55

 Zn
55, 56

) under 

similar experimental conditions, as well as of V(OEP)(O), which is the only other five-

coordinate OEP compound that has been investigated.
57

 This demonstrates that the preparation of 

self-assembled monolayers of five-coordinate metalloporphyrins, in which the axial ligands are 

oriented perpendicular to the surface, can be achieved. Importantly, it was observed that the 

nature of the axial ligand affected the stability of the monolayer; monolayers formed by 

derivatives containing larger axial ligands (L = O3SCF3, CCPh) were found to be disrupted 

during STM imaging, which was potentially caused by interactions between the multiatom axial 

ligands and the STM tip, whereas the halide derivatives were very stable. With the interest of 

controllably patterning functional molecules, which may have more complex structures and 

greater steric bulk, alternative porphyrin building blocks for the preparation of robust self-

assembled monolayers are required. 
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Figure 1.9. STM images of (A) a Ni(OEP) monolayer (I = 15 pA, V = −700 mV), and (B) a 

Ga(OEP)(CCPh) monolayer (I = 12.5 pA, V = −600 mV) on HOPG at the solid-liquid interface 

(1-phenyloctane, 5.0 × 10
-4

 M). From Ref. 64. 

The use of long-chain alkyl substituents on planar molecules is a common strategy 

employed to stabilize their self-assembled monolayers on HOPG. The high affinity of such 

compounds for HOPG is driven by two main factors: the van der Waals interactions between the 

adsorbed molecules and the substrate that result from the near-commensurate packing of the 

carbon backbone of the alkyl chains on the sp
2
-hybridized lattice of graphite; and the van der 

Waals interactions that arise from the interdigitation of neighboring alkyl groups 

(“crystallization”).
81

 The immobilization of porphyrin monolayers through the use of long-chain-

alkyl substituents has been demonstrated by the self-assembly of meso-tetraalkylporphyrins 

(TCmP),
63, 82-90

 which are the porphyrins studied in this thesis, and meso-

tetraalkoxyphenylporphyrins
42-46

 (which are not used in this work) on substrates such as Au(111) 

and HOPG.
38

 To date, STM studies on self-assembled TCmP monolayers at the solid-liquid 

interface have been reported for m = 10–17
63, 82-87, 89, 90

 and 19
88

 under a variety of solvents such 

as 1-phenyloctane, n-tetradecane, and 1-octanoic acid at various solution concentrations (Table 

1.1), and the experimental results are complimented by recent computational efforts to 

understand the chain-length dependence of the free energy of TCmP monolayer formation.
89, 90
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One complication with TCmP monolayers is that they can exhibit structural 

polymorphism, a phenomenon that is enabled by the conformational flexibility of the alkyl side 

chains and is affected by solution concentration. This phenomenon is observed in the systems to 

be described here. The adsorption configurations of TCmP molecules on HOPG have been 

attributed to two main types of polymorphs, which are characterized by the adsorption of two 

alkyl chains on the substrate (higher density unit cell) or four alkyl chains on the substrate (lower 

density unit cell), as illustrated in Figure 1.10. In this work, the unit cells of the TCmP self-

assembled monolayers are defined by the lattice parameters a, b, and Γ, which represent the 

shortest intermolecular distances found within the structures and the lattice angle between the 

two lattice vectors, respectively. The unit cell parameters, as defined in this work and presented 

in Table 1.1 for previously reported systems, are represented in red in Figure 1.10. 
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Table 1.1. Reported Unit Cell Parameters for MTCmP at the Liquid/HOPG Interface. 

M m Solvent Conc.(M) a (nm) b (nm) Γ (°) Ref. 

H2 10 1-phenyloctane < 1 × 10
-4

  1.31(12) 1.90(10) 70(5) 83 

H2 11 1-phenyloctane < 1 × 10
-4

  1.39(9) 2.00(13) 84(4) 83 

Cu 11 1-octanoic acid 1 × 10
-4

,
 
1 × 10

-6
 1.26(5) 2.05(5) 79(4) 84, 85 

1.92(9) 2.05(5) 71(4) 

Cu 11 1-octanoic acid 1 × 10
-3

,
 
1 × 10

-4
,
 
1 × 

10
-7

 

1.26(5) 1.70(15) 68(4) 85 

1.26(5) 2.05(5) 79(4) 

1.92(9) 2.05(5) 71(4) 

1.74(8) 2.16(14) 76(5) 

H2 12 1-phenyloctane < 1 × 10
-4

  1.24(6) 2.08(12) 79(4) 83 

H2 12 n-tetradecane 1 × 10
-4

 1.4(1) 1.7(1) 72(1) 86 

H2 12 n-tetradecane 1 × 10
-3

 1.4(1) 1.9(2) 80(6) 63 

Zn 12 n-tetradecane 1 × 10
-3

 1.4(2) 2.0(2) 88(8) 63 

Zn 12 n-tetradecane saturated 1.34(7) 2.08(9) 80(3) 87 

H2 13 1-phenyloctane < 1 × 10
-4

  1.57(4) 1.71(4) 82(2)   83 

H2 13 1-phenyloctane 4 × 10
-3

 1.68(4) 1.80(4) 82(2) 90 

1.94(3) 2.13(5) 77.4(1.5) 

Co 13 1-phenyloctane 4 × 10
-3

 1.66(4) 1.76(5) 79(3) 90 

1.93(5) 2.12(4) 79.3(1.8) 

H2 14 1-phenyloctane < 1 × 10
-4

  1.49(6) 2.18(12) 75(4) 83 

2.02(11) 2.14(3) 87(7) 

H2 15 1-phenyloctane < 1 × 10
-4

  2.11(12) 2.14(13) 88(2) 83 

H2 15 1-phenyloctane 4 × 10
-3

 2.12(3) 2.18(5) 83.0(1.6) 90 

H2 16 1-phenyloctane < 1 × 10
-4

  1.40(8) 2.25(15) 76(5) 83 

2.07(13) 2.25(15) 85(3) 

H2 17 1-phenyloctane 4 × 10
-3

 2.13(3) 2.37(5) 86.5(1.4) 89 

H2 19 1-phenyloctane 4 × 10
-3

 2.17(5) 3.38(6) 87.9(1.4) 88 

Co 19 1-phenyloctane 4 × 10
-3

 2.23(7) 2.54(8) 87.6(1.8) 89 

CoCl 19 1-phenyloctane 4 × 10
-3

 2.22(6) 2.57(9) 88.0(1.2) 89 
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Figure 1.10. Examples of packing arrangements exhibited by meso-tetraalkylporphyrins monolayers at 

the solid-liquid interface. Top: arrangement in which two alkyl chains per porphyrin are adsorbed 

(nonadsorbed chains not shown); bottom: arrangement in which all four alkyl chains are adsorbed. 

 The research presented in this work focuses on the investigation of meso-tetra(n-

C10H21)porphyrin (TC10P) as the molecular platform. The long decyl side chains are expected to 

stabilize the porphyrin monolayers through enhanced adsorbate-substrate and adsorbate-

adsorbate interactions. The metal center used will be Ga(III), which was shown in our prior 
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studies of Ga(OEP)X complexes to be suitable for supporting complex axial ligands in 

monolayers, and is also usually air stable. In Chapter 2, the synthesis, characterization, and self-

assembly of a series of Ga(III)-porphyrin complexes containing axial oligo-phenylene-

ethynylene (OPE) ligands [Ga(TC10P)(OPE); OPE = CCPh, p-CCC6H4CCPh, 4,4-

CCC6H4CCC6H4CCPh; Figure 1.11) are described; the ligands are chosen to show that the 

incorporation of tall, axial molecular wires as ligands does not disrupt the face-on adsorption 

configuration of the porphyrin complexes (where the porphyrin cores lie parallel to the surface) 

on HOPG. H2TC10P and Ga(TC10P)Cl monolayers are first investigated at the 1-

phenyloctane/HOPG interface as reference structures for the Ga(TC10P)(OPE) complexes. STM 

imaging shows that all compounds form extensive, well-ordered monolayers on HOPG, with the 

porphyrin parallel to the surface and the axial ligands oriented normal to the surface. Structural 

polymorphism was observed for the two taller Ga(TC10P)(OPE) derivatives at the onset of STM 

measurements, but these reverted to a single thermodynamic structure over time. This shows that 

the axial ligand can influence the surface chemistry of Ga(TC10P)X complexes. 

 

Figure 1.11. Molecular structures of Ga(TC10P)(OPE) complexes. 
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With the success of patterning tall, pillared ligands using Ga(TC10P) as the molecular 

platform, ligand attachment chemistry beyond acetylides was explored in order to expand the 

scope of functional molecules that can be incorporated into the self-assembled monolayers. In 

Chapter 3, the synthesis and characterization of a series of Ga-carboxylate [Ga(TC10P)(O2CR)] 

and Ga-aryloxide [Ga(TC10P)(OR)] complexes containing functional ligands (e.g., a fluorescent 

dye, redox-active centers, and a charged moiety; Figure 1.12) are discussed. These linkages are 

of interest because carboxylic acids and aryl alcohols can be easily appended to a large variety of 

functional molecules, and have been shown to react with other metalloporphyrins (M = Al,
91-96

 

In,
97

 Ge,
98, 99

 Sn
100-104

) in one-step reactions to form molecular dyads or triads. Through both 

NMR-scale and preparatory-scale reactions, it is shown that Ga(TC10P)(O2CR) and 

Ga(TC10P)(OR) compounds can be easily prepared in good yield by reacting Ga(TC10P)(OH) 

with the corresponding carboxylic acid or aryl alcohol in air at room temperature. 

 

 

Figure 1.12. Molecular structures of Ga(TC10P)(OR) and Ga(TC10P)(O2CR) complexes. 
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The feasibility of using Ga-porphyrin-carboxylate and -aryloxide complexes as building 

blocks for monolayers that organize functional molecules on HOPG is demonstrated by 

subsequent STM studies on the newly prepared dyads at the 1-phneyloctane/HOPG interface, 

which is presented in Chapter 4. While the Ga(TC10P)(OR) complexes are observed to usually 

form monolayers with the same packing structures seen in monolayers of the TC10P-based 

compounds described in Chapter 2, the Ga(TC10P)(O2CR) monolayers show unusual new 

structures that are enabled by the conformational flexibility of alkyl side chains.  

In Chapter 5, an alternative method of preparing Ga(TC10P)(O2CR) monolayers is 

investigated. Due to the facile reactivity of Ga(TC10P)(OH) towards carboxylic acids, it is 

hypothesized that monolayers of Ga(TC10P)(OH) can be chemically modified in situ to form 

Ga(TC10P)(O2CR) monolayers. By sequentially depositing solutions of Ga(TC10P)(OH) and 

ferrocenecarboxylic acid (FcCO2H) in 1-phenyloctane on HOPG, Ga(TC10P)(O2CFc) 

monolayers can be prepared. The structures of these monolayers differs from those formed by 

depositing pre-synthesized Ga(TC10P)(O2CFc) on HOPG, demonstrating that they are comprised 

of molecules formed by chemical reactions at the surface and not in solution. 
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CHAPTER 2 

Ordered Arrays of oligo-Phenylene-Ethynylene Pillars Supported by Gallium–Porphyrin 

Monolayers on HOPG 

2.1. Introduction 

Earlier work in our group has demonstrated that Ga(III) octaethylporphyrins [Ga(OEP)X; 

X = Cl, Br, I, OTf, CCPh], compounds with square-pyramidal geometries, can self-assemble into 

well-ordered monolayers on highly ordered pyrolytic graphite (HOPG) both at the solid-air and 

solid-liquid interfaces with the ligands oriented perpendicular to the surface.
1
 The Ga(OEP)X 

monolayers all exhibit pseudo-hexagonal packing structures that are indistinguishable from each 

other and are also largely consistent with the reported structures of other four-coordinate 

M(OEP) monolayers.
2-8

 Importantly, however, the Ga(OEP)X compounds with the larger axial 

ligands (X = CCPh, OTf) formed monolayers with lower coverage than those of the halide 

derivatives, and they were more readily disrupted during STM measurements. Given that a goal 

of this broader project is to attach more complex and functional moieties to these axial positions, 

it is important to investigate porphyrins other than OEP to increase the stability of the self-

assembled monolayers. 

A common strategy to enhance the stability of porphyrin monolayers on HOPG and to 

control their 2D morphology is to incorporate long peripheral side-chains. These chains provide 

additional van der Waals interaction between neighboring units,
9
 and numerous studies have 

shown that long-alkyl-chain substituted heterocycles such as meso-tetraalkyl-
10-18

 and 

tetraalkoxyphenylporphyrins
19-22

 can reliably form highly stable self-assembled 2D structures on 

HOPG. In particular, one report showed that a six-coordinate Rh(III) porphyrin with trans axial 

pyridine and chloride ligands can form well-ordered monolayers on HOPG by incorporating 
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alkoxyphenyl substituents at the meso positions with an alkyl chain length of  30, even though 

the trans ligands prevent the porphyrin core from coming into close contact with the substrate.
23

  

In this chapter, this strategy was utilized to stabilize monolayers of five-coordinate 

Ga(III) metalloporphyrins on HOPG with large axial ligands.  Here, 5,10,15,20-tetra(n-

C10H21)porphyrin (TC10P) was used to prepare a family of Ga(III) complexes with oligo-

phenylene-ethynylene (OPE) ligands of increasing height [Ga(TC10P)(OPE); OPE = CCPh (1), 

p-CCC6H4CCPh (2), 4,4-CCC6H4CCC6H4CCPh (3)], and their surface chemistry on HOPG at 

the solid-liquid and solid-air interface was probed by scanning tunneling microscopy (STM). 

Extending the CCPh ligand opens the possibility of supporting functional units at specific 

heights above a surface; taller derivatives allows us to use such molecules to probe for the 

possibility of incorporating larger axial ligands without disrupting the face-on absorption 

configuration (e.g. the molecular plane oriented parallel to the surface) of the porphyrin 

molecules upon adsorption onto HOPG. Furthermore, the controlled organization of OPE ligands 

is of great interest as these molecules and their derivatives have found use as components of dye-

sensitized solar cells,
24

 molecular electronics,
25

 molecular switches,
26

 and memory arrays.
27

  

As will be described, all reported compounds form self-assembled monolayers at the 1-

phenyloctane/HOPG interface with extensive surface coverage; two distinct molecular 

arrangements are observed. Subsequent experiments performed at the air/HOPG interface also 

show that the Ga(TC10P)(OPE) complexes can form ordered structures without the presence of a 

supernatant, showing the versatility of these porphyrin as building blocks of nanostructures 

under different deposition conditions. 
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2.2. Experimental Section 

2.2.1. Materials and General Methods. All synthetic procedures were performed using 

standard Schlenk and glovebox techniques under a nitrogen atmosphere unless otherwise 

specified. Solvents used for synthesis (HPLC grade, stored under nitrogen) were purified by 

passing them under nitrogen pressure through an anaerobic, stainless-steel system consisting of 

either two 4.5 in.  24 in. (1 gal) columns of activated A2 alumina (THF) or one column of 

activated A2 alumina and one column of activated BASF R3-11 catalyst (toluene).
28

 

Undecanal,
29

 free base 5,10,15,20-tetra(n-C10H21)porphyrin (H2TC10P),
30

 LiCCPh,
31

 p-

HCCC6H4CCPh,
32

 and 4,4-Me3SiCCC6H4CCC6H4CCPh
32

 were prepared according to published 

procedures. Phenylacetylene (Aldrich, 98%) was purified by bulb-to-bulb transfer under vacuum. 

CD2Cl2 was dried using 4 Å molecular sieves. THF-d8 was stirred over NaK (1:2) alloy 

overnight, from which it was transferred under vacuum prior to use. All other chemicals were 

obtained from commercial sources and used as received.  

2.2.2. Characterization of Compounds. 
1
H-, 

13
C{

1
H}-, and 2D (

1
H/

13
C) HMQC-NMR 

spectra were recorded at room temperature using Bruker Avance II
+
 500 MHz or DRX 400 MHz 

NMR spectrometers. Chemical shifts were measured relative to solvent resonances.
33

 
13

C-NMR 

resonances for compounds 1–3 were assigned on the basis of HMQC spectra. Mass spectral data 

were obtained using a Bruker UltrafleXtreme MALDI-TOF/TOF mass spectrometer in reflection 

positive mode on samples prepared on a standard stainless steel plate without a matrix; the 

Bruker peptide calibration standard II (750–3150 Da) was used as the calibration standard. 

Electronic absorption spectra were recorded using a Cary 300 UV-visible spectrophotometer of 

samples in quartz cuvettes under nitrogen at room temperature (1 mm and 1 cm path length). 

Elemental analyses were performed at Robertson Microlit Laboratories, Ledgewood NJ. 
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2.2.3. Preparation of p-LiCCC6H4CCPh. To a stirred, room temperature solution of p-

HCCC6H4CCPh (0.042 g, 0.21 mmol) in pentane (6 mL), n-BuLi (0.2 mL, 1.6 M in pentane, 

0.32 mmol) was added via syringe; a white precipitate formed immediately. After 2 h, the 

precipitate was isolated by filtration as an off-white solid, washed with pentane (15 mL), and 

dried under vacuum for 30 min. This product (0.040 g, 0.19 mmol, 93% yield) was suitable for 

use in the preparation of 2 without further purification. 

2.2.4. Preparation of 4,4-HCCC6H4CCC6H4CCPh. This compound was previously 

reported, but the detailed preparation procedure and spectroscopic data were not available. To a 

stirred, room temperature solution of 4,4-Me3SiCCC6H4CCC6H4CCPh (0.272 g, 0.73 mmol) in a 

mixture of CH2Cl2 (10 mL) and MeOH (10 mL) in air, K2CO3 (0.202 g, 1.46 mmol) was added. 

After stirring overnight, the reaction mixture was filtered, and the filtrate was washed with water 

(25 mL). The aqueous layer was extracted with CH2Cl2 (25 mL), which was added to the organic 

phase. The combined organic phases were dried with Na2SO4, filtered, and the volatile 

components were removed in vacuo. The crude product was dissolved in a minimal amount of 

CH2Cl2 and purified by column chromatography on silica gel with a mixture of hexanes/ethyl 

acetate (9:1) as the eluent. Removal of volatile components under vacuum from the product-

containing fraction provided the product as an off-white solid (0.186 g, 0.62 mmol, 85% yield). 

1
H NMR (CDCl3, 500.13 MHz): δ 7.46–7.55 (m, 10H), 7.34–7.39 (m, 3H), 3.18 (s, 1H, CCH). 

2.2.5. Preparation of 4,4-LiCCC6H4CCC6H4CCPh. To a stirred, room temperature 

solution of 4,4-HCCC6H4CCC6H4CCPh (0.073 g, 0.24 mmol) in toluene (10 mL), n-BuLi (0.2 

mL, 1.6 M in pentane, 0.32 mmol) was added via syringe, upon which a fine, light gray 

suspension formed. After 2 h, the suspension was transferred onto a Celite pad atop a sintered 

glass filter, allowed to settle, and dried by application of a weak vacuum. The crude product was 
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washed with toluene (15 mL) and pentane (15 mL), dried under vacuum for 30 min, and 

carefully removed from the top of the Celite. The (0.043 g, 0.14 mmol, 58% isolated yield) 

product was suitable for use in the synthesis of 3 without further purification. 

2.2.6. Characterization of H2TC10P. The 
1
H-NMR data below supplements previously 

reported data for this compound.
30

 
1
H NMR (C6D6, 500.13 MHz): δ 9.43 (s, 8H, β), 4.87 (t, 8H, 

CH2CH2CH2Por), 2.54 (m, 8H, CH2CH2CH2Por), 1.73 (m, 8H, CH2CH2CH2Por), 1.20–1.50 (m, 

48H, CH3(CH2)5CH2), 0.91 (t, 12H, CH3), –1.89 (s, 2H, NH). 
1
H NMR (CDCl3, 500.13 MHz): δ 

9.47 (s, 8H, β), 4.93 (t, 8H, CH2CH2CH2Por), 2.51 (m, 8H, CH2CH2CH2Por), 1.80 (m, 8H, 

CH2CH2CH2Por), 1.53 (m, 8H, CH3(CH2)5CH2), 1.20–1.40 (m, 40H, CH3(CH2)5CH2), 0.88 (t, 

12H, CH3), –2.64 (s, 2H, NH). 

2.2.7. Preparation of Ga(TC10P)Cl. This procedure was adapted from that reported for 

the preparation of Ga(OEP)Cl.
34

 A stirred solution of H2TC10P (0.336 g, 0.386 mmol), GaCl3 

(0.107 g, 0.608 mmol), and NaOAc (0.308 g, 3.75 mmol) in glacial acetic acid (20 mL) was 

refluxed overnight, during which the color of the reaction mixture turned from dark green to dark 

purple. The reaction mixture was opened to air and allowed to cool to room temperature, which 

resulted in the precipitation of the crude product as a purple solid. The precipitate was collected 

via filtration, washed with cold glacial acetic acid (5 mL) and water (10 mL), extracted into 

toluene (20 mL), and filtered. The product was isolated as a purple solid upon removal of volatile 

components in vacuo (0.339 g, 0.348 mmol, 90% yield). 
1
H NMR (C6D6, 500.13 MHz; Figure 

2.1): δ 9.53 (s, 8H, β), 4.76 (t, 8H, CH2CH2CH2Por), 2.48 (m, 8H, CH2CH2CH2Por), 1.64 (m, 

8H, CH2CH2CH2Por), 1.35–1.45 (m, 8H, CH3(CH2)5CH2), 1.26–1.35 (m, 40H, CH3(CH2)5CH2), 

0.90 (t, 12H, CH3). 
13

C{
1
H} NMR (CDCl3, 125.76 MHz; Figure 2.2): δ 147.73 (α), 129.46 (β), 

118.86 (meso), 38.68 (CH2), 35.58 (CH2), 32.07 (CH2), 30.84 (CH2), 29.87 (CH2), 29.85 (CH2), 
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29.83 (CH2), 29.51 (CH2), 22.85 (CH2), 14.28 (CH3). UV-vis (toluene; λmax, nm (rel. int.); Figure 

2.9): 312 (4.9), 405 (9.7), 425 (100), 523 (8.0), 563 (4.2), 602 (2.3). LDI-TOF MS (m/z): [M]
+
 = 

972.649; predicted 972.626. Anal. Calcd. for C60H92N4GaCl: C, 73.94; H, 9.51; N, 5.75. Found: 

C, 74.12; H, 9.26; N, 5.68. 

2.2.8. Preparation of Ga(TC10P)(CCPh) (1). A solution of LiCCPh (0.015 g, 0.138 

mmol) in THF (~1 mL) was added to a stirred solution of Ga(TC10P)Cl (0.087 g, 0.089 mmol) in 

THF (20 mL) at room temperature. The color of the reaction mixture immediately changed from 

dark purple to dark green. After 2 h, the volatile components were removed in vacuo. The crude 

product was extracted into pentane (30 mL), filtered through Celite, and the volatile components 

were removed in vacuo. The crude product was dissolved in a mixture of THF (10 mL) and 

CH3CN (20 mL), which was reduced in volume to ~20 mL under vacuum to induce precipitation 

of the product. The product was obtained as a purple powder via filtration, and dried under 

vacuum (0.087 g, 0.084 mmol, 94% yield). 
1
H NMR (C6D6, 500.13 MHz; Figure 2.3): δ 9.54 (s, 

8H, β), 6.18 (t, 1H, J = 7.4 Hz, p-Ph), 6.03 (m, 2H, m-Ph), 5.54 (d, 2H, J = 7.5 Hz, o-Ph), 4.79 (t, 

8H, CH2CH2CH2Por), 2.48 (m, 8H, CH2CH2CH2Por), 1.61 (m, 8H, CH2CH2CH2Por), 1.33–1.39 

(m, 8H, CH3(CH2)5CH2), 1.25–1.33 (m, 40H, CH3(CH2)5CH2), 0.90 (t, 12H, CH3). 
13

C{
1
H} 

NMR (THF-d8, 125.76 MHz; Figure 2.4): δ 148.30 (α), 130.79 (o-Ph), 129.75 (β), 127.03 (m-

Ph), 125.81 (p-Ph), 124.87 (ipso-Ph), 118.62 (meso), 95.14 (C≡C), 38.98 (CH2), 35.43 (CH2), 

32.66 (CH2), 31.00 (CH2), 30.51 (CH2), 30.45 (CH2), 30.10 (CH2), 23.36 (CH2), 14.26 (CH3); 

one C≡C resonance and one CH2 resonance were not observed. UV-vis (toluene; λmax, nm (rel. 

int.); Figure 2.9): 317, (4.3), 410 (8.1), 431 (100), 531 (0.9), 573 (3.0), 613 (2.6). LDI-TOF MS 

(m/z): [M]
+
 = 1038.702; predicted 1038.697. Anal. Calcd. for C68H97N4Ga: C, 78.51; H, 9.40; N, 

5.39. Found: C, 78.29; H, 9.60; N, 5.28. 
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2.2.9. Preparation of Ga(TC10P)(p-CCC6H4CCPh) (2). A solution of LiCCC6H4CCPh 

(0.020 g, 0.096 mmol) in THF (~1 mL) and added to a stirred solution of Ga(TC10P)Cl (0.075 g, 

0.077 mmol) in THF (20 mL) at room temperature. The color of the reaction mixture 

immediately changed from dark purple to dark blue-green. After 2 h, the volatile components 

were removed in vacuo. The crude product was extracted into pentane (30 mL), filtered through 

Celite, and the solvent was removed in vacuo. The crude product was dissolved in a mixture of 

THF (10 mL) and CH3CN (20 mL), which was reduced in volume to ~20 mL under vacuum to 

induce precipitation of the product. The product was obtained as a purple powder via filtration, 

and dried under vacuum (0.057 g, 0.050 mmol, 65% yield). 
1
H NMR (THF-d8, 500.13 MHz; 

Figure 2.5): δ 9.69 (s, 8H, β), 7.19–7.25 (m, 2H, H6 or H7), 7.13–7.29 (m, 3H, H6 or H7, H8), 

6.52 (d, 2H, J = 8.5 Hz, H3), 5.43 (d, 2H, J = 8.5 Hz, H2), 4.97 (t, 8H, CH2CH2CH2Por), 2.45 

(m, 8H, CH2CH2CH2Por), 1.68 (m, 8H, CH2CH2CH2Por), 1.38–1.50 (m, 8H, CH3(CH2)5CH2)  

1.20–1.38 (m, 40H, CH3(CH2)5CH2), 0.86 (t, 12H, CH3). 
13

C{
1
H} NMR (THF-d8, 125.76 MHz; 

Figure 2.6): δ 148.33 (α), 131.78 (C6 or C7), 130.81 (C2), 130.38 (C3), 129.86 (β), 128.80 (C6 

or C7), 128.62 (C8), 124.91, 123.98, 120.84 (C1 or C4, or C5), 118.69 (meso), 94.83 (C≡C), 

90.28 (C≡C), 89.57 (C≡C), 38.97 (CH2), 35.44 (CH2), 32.68 (CH2), 31.01 (CH2), 30.53 (CH2), 

30.47 (CH2), 30.12 (CH2), 23.37 (CH2), 14.26 (CH3); one C≡C 

resonance and one CH2 resonance were not observed. UV-vis 

(toluene; λmax, nm (rel. int.); Figure 2.9): 306 (13.3), 313 (12.7; 

sh), 324 (12.1), 411 (9.3), 430 (100), 531 (0.7), 572 (3.4), 613 

(2.9). LDI-TOF MS (m/z): [M]
+
 = 1138.721; predicted: 

1138.728. Anal. Calcd. for C76H101N4Ga: C, 80.05; H, 8.93; N, 

4.91. Found: C, 79.89; H, 8.71; N, 4.96.  
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2.2.10. Preparation of Ga(TC10P)(4,4-CCC6H4CCC6H4CCPh) (3). A solution of 4,4-

LiCCC6H4CCC6H4CCPh (0.028 g, 0.091 mmol) in THF (~5 mL) was added to a stirred solution 

of Ga(TC10P)Cl (0.082 g, 0.084 mmol) in THF (15 mL). The color of the reaction mixture 

immediately changed from dark purple to dark blue-green. After 2 h the volatile components 

were removed in vacuo. The crude mixture was extracted into toluene (30 mL), filtered through 

Celite, and the volatile components were removed in vacuo. The crude product was dissolved in 

a mixture of THF (10 mL) and CH3CN (20 mL), which was reduced in volume to ~20 mL under 

vacuum to induce precipitation of the product. 
1
H-NMR spectra of the crude product revealed the 

presence of trace 4,4-HCCC6H4CCC6H4CCPh; this was removed by repeating the 

recrystallization procedure four times. The product was obtained as a purple powder via 

filtration, and dried under vacuum (0.060 g, 0.048 mmol, 57% yield). 
1
H NMR (CD2Cl2, 500.13 

MHz; Figure 2.7): δ 9.68 (s, 8H, β), 7.45–7.50 (m, 2H, H10 or H11), 7.37 (d, 2H, J = 8.5 Hz, H6 

or H7), 7.30–7.35 (m, 3H, H10 or H11, H12), 7.25 (d, 2H, J = 8.5 Hz, H6 or H7), 6.54 (d, 2H, J 

= 8.5 Hz, H3), 5.44 (d, 2H, J = 8.5 Hz, H2), 5.00 (t, 8H, CH2CH2CH2Por), 2.46 (m, 8H, 

CH2CH2CH2Por), 1.69 (m, 8H, CH2CH2CH2Por), 1.45–1.53  (m, 8H, CH3(CH2)5CH2) 1.20–1.38 

(m, 40H, CH3(CH2)5CH2), 0.86 (t, 12H, CH3). 
13

C{
1
H} NMR 

(THF-d8, 125.76 MHz; Figure 2.8): δ 148.53 (α), 132.26 (C10 or 

C11), 132.14 (C7), 132.00 (C6), 131.04 (C2), 130.63 (C3), 130.08 

(β), 129.27 (C12), 129.20 (C10 or C11), 125.36, 124.03 123.99, 

123.88, 120.71 (C1, C4, C5, C8, C9), 118.90 (meso), 95.00 (C≡C), 

91.83 (C≡C), 91.76 (C≡C), 90.15 (C≡C), 89.60 (C≡C), 39.16 

(CH2), 35.63 (CH2), 32.87 (CH2), 31.19 (CH2), 30.72 (CH2), 30.66 

(CH2), 30.31 (CH2), 23.55 (CH2), 14.44 (CH3); one C≡C resonance 
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and one CH2 resonance were not observed. UV-vis (toluene; λmax, nm (rel. int.); Figure 2.9): 325 

(14.5), 336 (13.9; sh), 358 (8.6; sh), 411 (7.6), 431 (100), 530 (0.6), 572 (2.8), 613 (2.3). LDI-

TOF MS (m/z): [M]
+
 = 1238.805; predicted: 1238.760. Anal. Calcd. for C84H105N4Ga: C, 81.33; 

H, 8.53; N, 4.52. Found: C, 81.09; H, 8.37; N, 4.60. 
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Figure 2.1. 

1
H NMR spectrum of Ga(TC10P)Cl in C6D6. 

 

 
Figure 2.2. 

13
C{

1
H} NMR spectrum of Ga(TC10P)Cl in CDCl3.  
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Figure 2.3. 

1
H NMR spectrum of 1 in C6D6. The bottom spectrum is an expansion of the top  

spectrum. 
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Figure 2.4. 

13
C{

1
H} NMR spectrum of 1 in THF-d8.  
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Figure 2.5. 

1
H NMR spectrum of 2 in THF-d8. The bottom spectrum is an expansion of the top 

spectrum. 
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Figure 2.6. 

13
C{

1
H} NMR spectrum of 2 in THF-d8. The bottom spectrum is an expansion of the 

top spectrum. 
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Figure 2.7. 

1
H NMR spectrum of 3 in CD2Cl2. The bottom spectrum is an expansion of the top 

spectrum. 
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Figure 2.8a,b. 

13
C{

1
H} NMR spectrum of 3 in THF-d8. The bottom spectrum is an expansion of 

the top spectrum. 
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Figure 2.8c. Expansion of the CC region of the 

13
C{

1
H} NMR spectrum of 3 in THF-d8.  
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Figure 2.9. Electronic-absorption spectra of Ga(TC10P)Cl and compounds 1–3 in toluene at 

room temperature. The spectra represented by the solid black lines are scaled versions of those in 

dashed lines. 

2.2.11. Sample Preparation for STM Experiments. Highly oriented pyrolytic graphite 

(HOPG) wafers (SPI-2 grade, SPI Supplies) measuring 7 mm  7 mm  1 mm were mounted to 

12 mm diameter metal specimen discs with colloidal silver paste (PELCO, Ted Pella, Inc.). The 

surface of the HOPG substrate was cleaved with adhesive tape immediately prior to dosing. For 
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STM experiments performed at the solid–liquid interface, one drop of a 7.5  10
–4

 M solution of 

the porphyrin compound in 1-phenyloctane was deposited onto the HOPG surface with a syringe 

equipped with a 25-gauge needle. The STM tip was then engaged through the drop and the 

sample was imaged. For experiments performed at the solid–air interface, a 6 μL drop of a 2.5  

10
–4

 M solution of the porphyrin compound in benzene was deposited on HOPG via a 

micropipette. After the benzene evaporated, one drop of neat toluene was applied to the analyte 

area and allowed to evaporate. The sample was then imaged by STM. 

2.2.12. STM Measurements and Data Analysis. STM images were acquired at room 

temperature using a Digital Instruments Nanoscope IIIa standalone STM. The Pt0.8Ir0.2 tips were 

mechanically cut from a Pt/Ir (80/20) wire (Goodfellow). All measurements were in constant 

current mode. For each sample, an image of the underlying graphite surface was acquired. The 

data were corrected for drift post-acquisition in the SPIP software package
35

 using the underlying 

graphite lattice parameters (a = b = 0.246 nm, Γ = 60°) as a reference.
36

 Data analysis was 

performed using WSxM 5.0 software.
37

 
 
All of the images presented in the main text and SI were 

flattened, low-pass filtered, and sharpened by adjusting the contrast. Reported lattice parameters 

are averages of those determined from consecutive up-scan and down-scan images. For samples 

that exhibited a single packing structure (i.e., exclusively the α or β lattice), the unit-cell 

distances were determined from spacings within 100 sets of five consecutive porphyrin 

molecules, and the unit-cell angles were determined from the average of 40 measurements. For 

samples that exhibited mixed α/β structures, the number of adjacent unit cells of a given type was 

consistently less than five; for these samples the unit-cell-distances were the averages of 100 

measurements of the porphyrin center-to-center distances, and the unit-cell angles were the 

average of 40 measurements. 



48 
 

2.3. Results and Discussion 

2.3.1. Synthesis and Characterization of Porphyrin Compounds. H2TC10P was 

synthesized via the “one-pot, two-step” method reported by Lindsey et al.
30

 Although it was been 

reported by the authors that lower concentrations of the reactants afforded higher yield, reaching 

25% at concentrations of 10
-3

 M for the synthesis of free base 5,10,15,20-tetra(n-

C5H11)porphyrin (H2TC5P), for H2TC10P the starting concentrations of the reactants were kept at 

2 × 10
-2

 M for the ease of operation. The yield for this reaction under these conditions was 

~15%, which was consistent with the reported yield for the preparation H2TC5P with starting 

pyrrole and aldehyde concentrations of 10
-2

 M.  In some occasions, where the porphyrin was not 

well-separated from the uncharacterized impurities on the silica gel column, the crude product 

was dissolved in toluene and filtered to remove an uncharacterized, black solid. The composition 

of the product was confirmed by 
1
H NMR and LDI-TOF MS. Although the H2TC10P used for 

this study was mostly prepared from starting material obtained from commercial sources, it was 

found that the undecanal used for synthesis could contain a ~3% aldehyde impurity. This caused 

the formation a statistical mixture of porphyrinic impurities during the preparation of H2TC10P, 

where the major impurity (~3% with respect to H2TC10P) can be observed in the 
1
H NMR 

spectrum as a singlet at −1.84 ppm in C6D6 (NH resonance; H2TC10P: −1.89 ppm). This was 

circumvented by using undecanal that was prepared from 1-undecanol, which could be 

purchased at a higher purity (99%). 

Ga(TC10P)Cl was prepared from H2TC10P using the procedure for the preparation of 

Ga(OEP)Cl.
34

 Similarly, the synthetic procedure for compounds 1–3 was based on that for 

Ga(OEP)(CCPh), which was previously described in detail by our group (Scheme 2.1),
1
 although 

compounds 2 and 3 required additional purification due to the presence of residual free ligand. 
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Since only one set of porphyrinic 
1
H-NMR resonances could be identified, the residual free 

acetylene present in the sample was attributed to unreacted material from the lithiation procedure 

and not from product degradation, which would have resulted in signals from more than one 

porphyrinic species within the sample. Due to the disparity between the solubilities of the 

Ga(TC10P)(OPE) complexes and the free acetylenes in acetonitrile, compounds 2 and 3 could be 

purified and isolated as purple powders through repeated precipitation from THF/acetonitrile.  

 
Scheme 2.1. Synthesis of Ga(TC10P)(OPE) complexes (n = 1–3).  

All newly prepared compounds were fully characterized from 
1
H NMR, 

13
C{

1
H} NMR, 

UV-vis, LDI-TOF MS, and elemental analysis (C, H, N). For compounds 1–3, the attachment of 

the acetylide ligands could be inferred from the upfield shifting of the aryl and/or phenyl proton 

resonances, compared to the analogous resonances of the free acetylenes. The shifts in proton 

resonances were most profound for the aryl protons (phenyl for 1) closest to the porphyrin ring 

and noticeably smaller for protons that are further removed from the porphyrin plane. These 

shifts arise from ring current effects.
38

 For compounds 2 and 3, the 
1
H NMR spectra of were 
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obtained in THF-d8 and/or CD2Cl2 in order to avoid the overlapping of shifted phenyl/aryl 

resonances with the solvent protio impurity resonances of C6D6. 

For all Ga(TC10P)(OPE) complexes one of the expected CC resonances was not 

observed in the 
13

C{
1
H} NMR spectra, most likely due to the combination of a long relaxation 

time and coupling to the 
69

Ga/
71

Ga (spin = 3/2) metal center.
39

 For the 
13

C{
1
H} NMR spectra 

recorded in THF-d8, one of the CH2 resonances was unaccounted for, but was likely to be 

overlapping with other CH2 resonances in the same chemical shift range. Despite these 

observations, the identities of the compounds were supported by the clear observations of the 

parent ion peaks in the LDI-TOF mass spectra, as well as results from elemental analysis (C, H, 

N).  

All compounds were stable for at least 3 days in C6D6 and toluene when exposed to air, 

and solid samples showed no signs of degradation after several months of storage in air under 

ambient conditions. Thus, they are stable under the conditions of the STM experiments. 

2.3.2. STM Imaging of H2TC10P and Ga(TC10P)Cl at the 1-Phenyloctane/HOPG 

Interface. The self-assembly of H2TC10P and Ga(TC10P)Cl at the 1-phenyloctane/HOPG 

interface are investigated to gain insight into the types of packing geometries that can be 

exhibited by TC10P-based compounds. The self-assembly of H2TC10P at the 1-

phenyloctane/HOPG interface was previously studied by Plamont et al.,
10

 at concentration of < 

1.0 × 10
-4

 M, which is lower than that employed in our studies (below). They found that the 

adsorbed molecules form a periodic structure that was described as alternating rows of bright 

squares and dark regions that corresponded to the porphyrin cores and interdigitated alkyl chains, 

respectively. Although the alkyl chains were not imaged, two of the four alkyl chains were 

assumed to be dangling in solution.  
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We reinvestigated the surface chemistry of H2TC10P at the higher solution concentration 

(7.5 × 10
-4

 M) relevant to our subsequent studies of the Ga(TC10P)(OPE) compounds. H2TC10P 

self-assemble into highly ordered monolayers on HOPG upon deposition from a solution in 1-

phenyloctane, as revealed by STM imaging. Representative images are shown in Figure 2.10, 

which shows long-range surface coverage by the self-assembled monolayer. The resulting 

monolayers adopt a lamellar structure, in which alternating rows of bright, disk-like features, 

which correspond to the porphyrin cores lying flat on the surface, and dark areas, which are 

attributed to interdigitated decyl chains, can be distinguished. A cross-sectional profile across the 

alternating bright and dark rows of a smaller scale STM image of a H2TC10P monolayer shows 

that the spacings between the bright features are consistent across the lattice, which confirms the 

periodicity of the self-assembled structure. A model of a H2TC10P monolayer based on observed 

unit cell parameters is shown in Figure 2.11. The lamellar arrangement (hereby denoted as the α 

structure) is characterized by the lattice parameters a = 1.37 ± 0.04 nm, b = 1.75 ± 0.05 nm, Γ = 

86 ± 2˚ (Table 2.1). No domains containing other packing structures were observed. These 

values are not within experimental error of those previously reported for this compound at lower 

concentration,
10

 but are reproducible across various samples and at various time points post-

deposition. That monolayer structure can be affected by solvent and/or solution concentration is 

well known.
40, 41
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Figure 2.10. STM images and cross-sectional profile of a H2TC10P monolayer on HOPG at the 

solid–liquid interface (1-phenyloctane, 7.5 × 10
-4

 M; I = 9 pA, V = –650 mV). The cross-

sectional profile corresponds to the teal line in the image, drawn along the b lattice vector.  

 

Figure 2.11. Molecular model of a H2TC10P unit cell constructed using the lattice parameters 

obtained from the STM images. The alkyl chains are omitted since their orientations are not 

observed; the rotational orientation of the porphyrin relative to the lattice vectors is not known. 
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Table 2.1. Lattice Parameters of Monolayers of TC10P-Containing Compounds at the 1-

Phenyloctane (7.5 × 10
-4

 M)/HOPG Interface.
a
 

 

parameter 

H2TC10P 

(α)
b
 

Ga(TC10P)Cl 

(β) 

1  

(α) 

2  

(α) 

2  

(β) 

3  

(α) 

3  

(β) 

a (nm) 1.37(4) 1.71(3) 1.34(3) 1.33(8) 1.61(7) 1.39(3) 1.68(13) 

b (nm) 1.75(5) 2.09(4) 1.72(5) 1.72(7) 2.12(7) 1.70(5) 2.16(4) 

Γ (°) 86(2) 70(2) 85(2) 86(2) 71(2) 85(2) 71(3) 

A (nm
2
) 2.39(14) 3.36(17) 2.30(13) 2.28(24) 3.23(29) 2.35(13) 3.43(39) 

density 

(molecules/nm
2
) 

0.42 0.30 0.44 0.44 0.31 0.43 0.30 

a
 Values in parentheses are standard deviations of the last digit(s). 

b
 Previously reported lattice 

parameters for a sample prepared with a concentration of < 1.0 × 10
-4

 M in 1-phenyloctane: a = 

1.31(2) nm, b = 1.90(10) nm, Γ = 70(5)° (Plamont, R.; Kikkawa, Y.; Takahashi, M.; Kanesato, 

M.; Giorgi, M.; Shun, A. C. K.; Roussel, C.; Balaban, T. S., Chem–Eur. J. 2013, 19, 11293–

11300). 

Ga(TC10P)Cl also forms ordered monolayers on HOPG at the solid-liquid (1-

phenyloctane) interface measuring hundreds of nanometers in width, as revealed by STM (Figure 

2.12).  The adsorbed molecules appear as sharp, bright dots, in contrast to the disk-like features 

seen in STM images of H2TC10P monolayers. This is consistent with the STM observations 

previously reported by our group for Ga(OEP)Cl monolayers on HOPG;
1
 as in that study, we 

ascribe these bright features to the Cl ligands that extend above the porphyrin plane. Compared 

to monolayers of H2TC10P at the 1-phenyloctane/HOPG interface, monolayers of Ga(TC10P)Cl 

adopt a structure with a unit cell (hereby denoted as β) that is defined by the lattice parameters a 

= 1.71 ± 0.03 nm, b = 2.09 ± 0.04 nm, Γ = 70 ± 2°. A model of a Ga(TC10P)Cl monolayer based 

on the observed unit cell parameters is shown in Figure 2.13. This structure is reproducible 

across samples and experimental time points post-deposition, indicating that the observed 

arrangement is thermodynamically stable. The growth of the self-assembled monolayers can 

occasionally be observed (Figure 2.14).  
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Figure 2.12. STM images and cross-sectional profile of Ga(TC10P)Cl monolayers on HOPG at 

the solid–liquid interface (1-phenyloctane, 7.5 × 10
-4

 M; left: I = 6 pA, V = –800 mV; right: I = 8 

pA, V = –275 mV). The cross-sectional profile corresponds to the teal line in the image, drawn 

along the a lattice vector. 

 

Figure 2.13. Molecular model of a Ga(TC10P)Cl unit cell constructed using the lattice 

parameters obtained from the STM images. The alkyl chains are omitted since their orientations 

are not observed; the rotational orientation of the porphyrin relative to the lattice vectors is not 

known. 
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Figure 2.14. Consecutive STM images showing the growth of a monolayer of Ga(TC10P)Cl on 

HOPG at the solid–liquid interface (1-phenyloctane, 7.5 × 10
-4

 M; I = 6 pA, V = –800 mV). The 

feature at the lower left is a HOPG step edge. 
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There are few studies that compare the monolayers formed by five-coordinate 

metalloporphyrins with long alkyl-chained substituents to those of four-coordinate compounds.
2, 

42, 43
  Mazur et al. previously conducted STM experiments to demonstrate the structure-directing 

effects of the vanadyl ion (VO
2+

) on the self-assembly of the 2,9,16,23-tetraphenoxy-29H,31H-

phthalocyanine complex (VOPcPhO) at the n-alkyl benzene/HOPG interface.
42

 It was discovered 

that VOPcPhO was able to form at least three stable molecular patterns, while the free base 

analog only formed one; the stark difference in organization behavior was attributed to the 

presence of a central dipole in VOPcPhO. Nicholls et al., in a study on self-assembled structures 

formed by the coadsorption of 5,10,15,20-tetra(carboxyphenyl)porphyrins (TCP) and 5-

(octadecyloxy)isophthalic acid, observed that CuTCP forms hexagonally close-packed domains 

directly on HOPG at the 1-phenyloctane/HOPG interface, while the same phenomenon was not 

observed for Fe(TCP)Cl; this result was attributed to the enhancement of the molecule-substrate 

interaction by the Fe-Cl complex.
43, 44

 While these examples highlighted the possible importance 

of the dipole moment induced by the central metal complex, further work will be required to 

understand whether it is relevant to the observation of different structures for H2TC10P and 

Ga(TC10P)Cl.  

2.3.3. Analysis of Unit Cell Areas for H2TC10P and Ga(TC10P)Cl Monolayers. In the 

STM images of the monolayers of H2TC10P and Ga(TC10P)Cl on HOPG, the n-C10H21 side 

chains are not resolved. Prior STM studies of alkyl-porphyrin compounds at the solid–liquid 

interface have reported, in some cases, monolayers with unit-cell areas that are smaller than the 

maximum surface-contact area of the molecule; this has been interpreted as being consistent with 

some portion of the alkyl side chains being in the solvent phase rather than adsorbed to the 

surface,
10, 13, 14

 or with overlap of alkyl side chains on the surface.
12
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From the lattice parameters of the H2TC10P and Ga(TC10P)Cl monolayers, the unit cell 

areas are calculated to be 2.39 ± 0.14 nm
2 

and 3.36 ± 0.17 nm
2
, respectively. The estimated 

surface-contact area of a porphyrin ring is ~1.0 nm
2 

.
45

 The maximum area occupied by a fully 

adsorbed decyl chain is estimated to be approximately 0.6 nm
2
. This estimate is based on the 

findings by Watel et al., who studied the adsorption of hexatriacontane (n-C36H74) at the 

decane/HOPG interface
46

 and found they formed close-packed parallel strips with a strip width 

of 4.7 nm, which corresponds to the length of a n-C36H74 molecule. The intermolecular distance 

between molecules within the same strip was measured to be 0.44 ± 0.02 nm, which was 

consistent with the carbon skeletons lying parallel to the surface. From these two values, the area 

occupied by each n-C36H74 molecule was approximated to be ~2.1 nm
2
. Simple proportionality 

between chain lengths suggests that an adsorbed decyl chain in the same orientation would 

occupy ~0.6 nm
2
 if fully adsorbed on the surface. The maximum contact area of a TC10P-

containing molecule with four fully extended decyl chains adsorbed on the substrate is therefore 

estimated to be ~3.4 nm
2
, while a molecular configuration in which only two of the decyl chains 

are adsorbed should occupy an area of ~2.2 nm
2
. These values correspond approximately to the 

unit cell areas found for H2TC10P and Ga(TC10P)Cl monolayers; hence, the α unit cell can 

accommodate two decyl chains (net) adsorbed on the surface, while the β packing arrangement 

can accommodate the adsorption of all four decyl side chains. 

2.3.4. STM Imaging of 1 at the 1-Phenyloctane/HOPG Interface. Upon deposition, 1 

forms ordered monolayers on HOPG that span hundreds of nanometers in width, as shown in 

Figure 2.15. Adsorbed 1 is not removed as a result of repeated scanning.  These results contrast 

with those obtained for Ga(OEP)(CCPh), which did not consistently form monolayers with 

extensive surface coverage and were disrupted during STM experiments.
1
 Small scale images of 
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a monolayer of 1 show that the adsorbed molecules adopt a highly periodic structure where the 

bright and dark features seem to alternate in a similar fashion to H2TC10P monolayers but with 

less uniform features in terms of observed molecular shape and apparent height. Structural 

analysis reveals that the lattice parameters (a = 1.34 ± 0.03 nm, b = 1.72 ± 0.05 nm, Γ = 85 ± 2°; 

Table 2.1) are within experimental error of those of H2TC10P, which indicates that 1 exhibits α-

type packing. This is consistently observed for all samples examined under the same 

experimental conditions, and also for the same samples studied ~2 h after initial sample 

preparation. The fact that the molecular arrangements of Ga(TC10P)Cl and 1 monolayers are 

different finds precedent in a study of titanyl phthalocyanine and a catechol-ligated derivative by 

Hipps and coworkers,
47

  where the two molecules with structurally distinct axial ligands were 

shown to respectively form pseudo-hexagonal monolayers and  pseudo-square monolayers at the 

1-phenyloctane/HOPG interface.  
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Figure 2.15. STM images and cross-sectional profile of a monolayer of 1 on HOPG at the solid–

liquid interface (1-phenyloctane, 7.5  10
–4

 M; I = 10 pA, V = –1400 mV). The cross-sectional 

profile corresponds to the teal line in the image, draw along b lattice vector. 

Unlike the well-defined, dot-like features seen in Ga(TC10P)Cl monolayers, molecules of 

1 appear more diffuse, which is consistent with our previous observations with self-assembled 

monolayers of Ga(OEP)(CCPh).
1
 The observed height of 1 ranges from ~2 Å to 4 Å depending 

on the bias voltage, which is shorter than the DFT calculated distance of ~8.5 Å between the 

gallium metal center and the para-H (see Appendix B). This discrepancy is attributed to the low 

electronic coupling between the ligand and the porphyrin macrocycle, because the apparent 

height is a measure of the local tunneling probability and therefore largely influenced by 

electronic effects.
48, 49

 In a study on the difference in apparent height between planar and twisted 

4-phenylpyridine derivatives bound to rhodium porphyrins, both ligands were observed to have 

broad distributions of apparent heights that are shorter than the physical heights of the molecules, 
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which suggests that both the height discrepancy and variation are common in systems with multi-

atom axial ligands.
50

  

2.3.5. STM Imaging of 2 and 3 at the 1-Phenyloctane/HOPG Interface. Compounds 2 

and 3 both consistently form self-assembled monolayers on HOPG with extensive surface 

coverage upon deposition, which can be readily observed by STM (Figures 2.16 and 2.17). The 

individual molecules of 2 and 3 appear as diffuse spots with small apparent heights, similar to 1 

adsorbed on HOPG. The discrepancies between the observed apparent height of 2 and 3 are 

much greater than that for 1, mostly due to negligible changes in apparent height as a function of 

the length of the axial ligand.  

Unlike monolayers of 1, self-assembled monolayers of 2 and 3 both exhibit structural 

polymorphism, where the coexistence of two distinct packing geometries can be observed. In the 

25 nm × 25 nm image of a self-assembled monolayer of 2 (Figure 2.16), rows of tightly spaced 

structures, formed by porphyrin dimers, can be seen on the right side of the image, while the left 

side of the image contains a uniform lattice with a lower packing density. A careful analysis of 

the array on the left reveals that the region adopts a packing geometry that is described by the 

following unit cell parameters:  a = 1.61 ± 0.07 nm, b = 2.12 ± 0.07 nm, Γ = 71 ± 2°. This is 

statistically indistinguishable from that of Ga(TC10P)Cl (β) under identical experimental 

conditions (Table 2.1), and it can be assumed that all four alkyl chains are adsorbed on HOPG 

based on the same approximations. For the tightly packed rows of porphyrins seen on the right 

side of the image, the intra-row and inter-row porphyrin-to-porphyrin distances are determined to 

be 1.33 ± 0.08 nm and 1.72 ± 0.07 nm respectively, where the lattice angle is 86 ± 2° (Table 2.1); 

these values are essentially identical to the α unit cell parameters of both H2TC10P and 
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monolayers of 1. The alternating arrangement is observed to be randomly scattered within 

domains that are largely dominated by the β packing structure. 

   

Figure 2.16. STM images of a monolayer of 2 on HOPG at the solid–liquid interface (1-

phenyloctane, 7.5 × 10
-4

 M), acquired shortly following deposition, showing structural 

polymorphism: (A) I = 15 pA, V = –700 mV; (B) I = 8 pA, V = –1200 mV). 

For monolayers of 3, the same phenomenon is also observed. Figure 2.17 shows two 

distinct packing patterns within the same domain, and structural analysis reveals that the 

porphyrin-to-porphyrin distances (α: a = 1.39 ± 0.03 nm, b = 1.70 ± 0.05 nm, Γ = 85 ± 2°; β: a = 

1.68 ± 0.13 nm, b = 2.16 ± 0.04 nm, Γ = 71 ± 3°; Table 2.1) are within experimental error of 

those obtained for monolayers of 2 exhibiting structural polymorphism. In all cases where 

mixed-structure monolayers are observed, the transition between packing geometries is 

continuous, with no disruptions in surface coverage in between, as highlighted by the unit cells 

superimposed on the 25 nm × 25 nm STM images in Figures 2.16 and 2.17. Coenen et al. 

reported similar observations in their study on CuTC11P self-assembled monolayers at the 1-

octanoic acid/HOPG interface, where the porphyrin monolayers exhibited structural 

polymorphism.
11, 51

 The authors identified four distinct types of unit cells, three of which were 

observed to coexist within a single array and were connected seamlessly due to the sharing of 

unit cell vectors, which was enabled by the conformational flexibility of the peripheral alkyl 



62 
 

chains (this will be discussed in greater detail in Chapter 4). For 2 and 3, the b lattice vector of 

the α unit cell (2: 1.72 ± 0.07 nm; 3: 1.70 ± 0.05 nm) is within experimental error of the a lattice 

vector of the β unit cell (2: 1.61 ± 0.07 nm; 3: 1.68 ± 0.13 nm; Table 2.1), which leads to the 

hypothesis that the seamless connection between regions in the mixed monolayers is also a result 

of the sharing of unit cell vectors.  

   

Figure 2.17. STM images of a monolayer of 3 on HOPG at the solid–liquid interface (1-

phenyloctane, 7.5 × 10
-4

 M), acquired shortly following deposition, showing structural 

polymorphism (I = 12.5 pA, V = –1200 mV). 

     In addition to the mixed-structure monolayers, 2 and 3 also form extensive, structurally 

uniform monolayers with the α packing geometry (Figures 2.18 and 2.19). These monolayers are 

observed exclusively during STM experiments performed on samples long after deposition (~2 

h). While we were unable to observe transformation of the mixed structure into α domains in 

monolayers of 2 and 3, it is believed that the α packing geometry represents the 

thermodynamically favored polymorph due to the absence of mixed-structure monolayers or 

pure β domains (only observed for 3 in one trial) on samples that previously exhibited structural 

polymorphism.  
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Figure 2.18. STM images and a cross-sectional profile of monolayers of 2 on HOPG at the 

solid–liquid interface (1-phenyloctane, 7.5 × 10
-4

 M) acquired ~2 h after initial deposition, 

exhibiting the α lattice: (A) I = 25 pA, V = –900 mV (exposed graphite can be seen on the lower 

left corner of the image); (B) same array as (A), I = 9 pA, V = –900 mV; unidentified defects are 

seen as the bright features at the bottom and the right edge of the image. The cross-sectional 

profile was taken along the teal line shown on (B), drawn along the b lattice vector. 

  

0

1

2

3

4

0 1 2 3 4 5 6 7 8 9 10 11 12 13

A
p
p
a
re

n
t 

H
e
ig

h
t 

(Å
) 

Distance (nm) 



64 
 

   

 
Figure 2.19. STM images and a cross-sectional profile of monolayers of 3 on HOPG at the 

solid–liquid interface (1-phenyloctane, 7.5 × 10
-4

 M) acquired ~2 h after initial deposition, 

exhibiting the α lattice: (A, B) same array, I = 8 pA. V = –1200 mV. The cross-sectional profile 

was taken along the teal line shown on (B), drawn along the b lattice vector. 

 Based on these results, we conclude that the incorporation of OPE molecular wires as 

axial ligands does not disrupt the formation of well-ordered, self-assembled Ga(TC10P)X 

monolayers at the solid–liquid interface. This is evidenced by the propensity of the 

Ga(TC10P)(OPE) monolayers to conform to the α packing structure exhibited by H2TC10P 

monolayers, where the porphyrin cores are oriented parallel to the graphite surface. Interestingly, 

the fact that compound 3 can form self-assembled monolayers with the α packing structure 

shows that Ga(TC10P)X monolayers can be used to pattern axial ligands with heights that far 

exceed the 2D lattice vectors, since the physical height of 3 (~2.2 nm, as approximated by the 

distance between the Ga atom and the para-H atom in the gas-phase optimized; see Appendix B) 

is much greater than the lengths of the unit cell vectors (a = 1.39 ± 0.03 nm, b = 1.70 ± 0.05 nm) 

of the α structure (Figure 2.20). 
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Figure 2.20. Molecular model of a monolayer of 3 exhibiting the α packing structure. The alkyl 

chains are omitted since their orientations are not determined. 

2.3.6. STM Imaging of Ga(TC10P)(OPE) complexes at the Air/HOPG Interface. In 

order to determine whether supernatant is necessary for the formation of Ga(TC10P)(OPE) 

monolayers on HOPG, the self-assembly of compounds 1–3 at the air/HOPG interface has also 

been investigated. STM samples are prepared by drop-casting a 2.5 × 10
-4

 M porphyrin solution 

in benzene onto a piece of freshly cleaved HOPG, followed by a drop of neat toluene on the 

evaporated film to anneal the material. It has been previously shown that using higher boiling 

solvents for deposition, such as toluene and xylene, as opposed to lower boiling solvents, such as 

CH2Cl2 or CHCl3, can greatly increase the homogeneity of Pt(OEP) monolayers on HOPG, and 

can also reduce the size and number of microcrystalline clusters on the substrate.
52

 We assume 

that the same holds true for the solvent-annealing process since weakly bound molecules and 

crystallites should be redissolved upon addition of a solvent droplet. This was evidenced by the 

disappearance of the “coffee ring” that initially formed from the evaporation of the benzene 

dosing solution.  
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For compound 1, STM measurements reveal the formation of a periodic structure in 

which the porphyrin molecules self-assemble into a near-rectangular pattern (Figure 2.21a). The 

unit cell of the self-assembled structure is described by the following parameters: a = 1.35 ± 0.06 

nm, b = 1.64 ± 0.08 nm, Γ = 88 ± 1° (Table 2.2). These values are within experimental error of 

those obtained for the 1-phenyloctane/HOPG interface experiments as described earlier, where 

the porphyrin molecules adsorb with the heterocyclic cores lying parallel to the surface (α cell). 

The roughly circular bright features represent the porphyrin macrocycle, while the darker regions 

are attributed to the regions occupied by peripheral alkyl chains. Features corresponding to edge-

on porphyrin molecules, which should appear as thin, disc-like features,
53-55

 were never 

observed; hence, we conclude that 1 self-assembles into monolayers with the heterocyclic cores 

parallel to the surface and the ligands oriented perpendicular to the substrate.  

     

Figure 2.21. STM images of Ga(TC10P)(OPE) monolayers on HOPG at the solid–air interface. 

(A) 1, I = 7.5 pA, V = –650 mV; (B) 2, I = 9 pA, V = –900 mV; (C) 3, I = 8 pA, V = –750 mV. 

Table 2.2. Lattice Parameters of Compounds 1–3 at the Air/HOPG Interface.
a
 

parameter 1 () 2 (I) 2 (II) 3 (I) 3 (II) 

a (nm) 1.35 (6) 1.31 (9) 1.65 (9) 1.21 (9) 1.45 (8) 

b (nm) 1.64 (8) 1.65 (9) 2.18 (11) 1.70 (9) 1.70 (9) 

Γ (°) 88 (1) 74 (4) 64 (3) 67 (3) 71 (3) 

A (nm
2
) 2.21 (21) 2.08 (30) 3.23 (41) 1.89 (28) 2.33 (29) 

Density (molecules/nm
2
) 0.45 0.48 0.31 0.53 0.43 

a 
Values in parentheses are standard deviations of the last digit(s). 
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For 2, monolayers formed as above are found by STM to consist of alternating 

arrangements of bright, circular features and dark regions (Figure 2.21b). Neither edge-on 

porphyrin molecules nor OPE-like features,
56-58

 which should appear as bright, narrow rods with 

well-defined dimensions, are observed, suggesting that the face-on orientation of adsorbed 

porphyrins is retained. However, in contrast to the self-assembled monolayers of 1, monolayers 

of 2 adopt a structure in which the adsorbed molecules are arranged in a packing geometry that is 

characterized by alternating unit cells. Since the sample preparation procedure for 2 is identical 

to that for 1, we can eliminate solvent effects and evaporation time as factors that affect the 

resulting structure. Structural analysis reveals that the observed structure is a periodic 

combination of two distinct unit cells. The smaller unit cell has lattice parameters a = 1.31 ± 0.09 

nm, b = 1.65 ± 0.09 nm, Γ = 74 ± 4°, and the larger unit cell is described by lattice parameters a 

= 1.65 ± 0.09 nm, b = 2.18 ± 0.11 nm, Γ = 64 ± 3° (Table 2.2). Neither of these cells corresponds 

to the α and β cells found for these compounds at the solid-liquid interface. The observation of 

polymorphism is unsurprising because evaporation of the solvent results in trapping of the 

polymorphic monolayer formed at short times at the solid-liquid interface. In fact, because 

solvent evaporation is rapid compared to the time at which initial STM measurements of 

monolayers of 2 at the solid-liquid interface, the non-α/non-β structure may represent an earlier 

kinetic phase. 

STM images of the drop-cast samples of 3 reveal a structure that is noticeably more 

compact than those of 1 and 2 (Figure 2.21c). The packing arrangement of the monolayer, which 

is reproducible across several trials, is a periodic structure also characterized by an alternating 

unit cell arrangement, with unit cell parameters a = 1.21 ± 0.09 nm, b = 1.70 ± 0.09 nm, Γ = 67 ± 

3°, and a = 1.45 ± 0.08 nm, b = 1.70 ± 0.09 nm, Γ = 71 ± 3° (Table 2.2). These cell lengths are 
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shorter than those of monolayers formed by 2, but are comparable to the lattice vectors 

previously reported for both H2TC10P monolayers and monolayers of TCmP compounds with 

slightly longer chain lengths (m = 11, 12: see Table 1.1). Features attributable to edge-on 

porphyrin molecules and edge/face-on OPE-type features are not observed. This precludes the 

presence of molecules that are not adsorbed in the face-on configuration. A comparison between 

the lengths of the observed unit cell vectors and the calculated height of 3 (~2.2 nm) further 

supports this analysis, since a molecule of 3 that is “toppled over” would require a larger unit cell 

to be adsorbed on the surface than that allowed by the observed arrangements. 

Based on the unit cell areas derived from the lattice parameters, one can conclude that the 

cells are too small to accommodate adsorption of all four decyl chains on the surface. In their 

study on the self-assembly of CuTC11P at the solid-liquid interface, Coenen et al. proposed 

molecular arrangements that involved alkyl chains that were folded and overlapped with those 

that were adsorbed on the surface; this was supported by the observation of regions with slightly 

greater apparent heights where the alkyl chains were thought to overlap.
51

 Although the 

resolution of our STM images does not allow us to determine the orientation of the alkyl 

substituents or to detect apparent height variations in the alkyl regions, we tentatively attribute 

the observed morphology to the folding and overlapping of alkyl chains. When comparing the 

morphologies of the self-assembled monolayers form by the three molecules studied, it is clear 

that the lengthening of the axial ligand has a noticeable effect on the formation of the monolayer. 

However, as the systems presented are not subjected to conditions compatible with achieving 

thermodynamic structures (e.g., thermal annealing, addition of a supernatant), it is likely that the 

structures observed are kinetically trapped systems. Nonetheless, the STM experiments 

conducted at the solid-air interface demonstrates the possibility of forming well-ordered, self-
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assembled monolayers presenting orthogonal OPE pillars on HOPG without the presence of a 

supernatant. 

2.4. Conclusions  

 We have demonstrated that five-coordinate Ga(TC10P)(OPE) complexes can reliably 

form self-assembled monolayers at the 1-phenyloctane/HOPG interface, and are also capable of 

forming ordered arrays at the air/HOPG interface. Incorporating long alkyl chain substituents 

into the porphyrin periphery allows for the formation of stable supramolecular structures even 

for derivatives with larger axial ligands such as CCPh, which was previously shown to be 

challenging with systems based on Ga(III) octaethylporphyrins. The axial ligands appear to have 

influence over the two-dimensional packing of the porphyrin molecules, as shown by the 

observation of structural polymorphism. For the 1-phenyloctane/HOPG interface experiments, 

two distinct unit cells, either in homogeneous arrays or mixed arrays depending on the axial 

ligand, were observed; for samples prepared and studied in air, all three Ga(TC10P)(OPE) 

complexes adopted distinct packing geometries. This phenomenon is made possible by the 

conformational freedom provided by the alkyl substituents. While controlling the periodicity of 

the self-assembled arrays based on TC10P complexes will likely require thermodynamic control 

during sample preparation, the propensity of these molecules to form self-assembled structures 

under various deposition conditions make them suitable for patterning more complex, functional 

modules on surfaces. 
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CHAPTER 3 

Synthesis and Characterization of Five-Coordinate Gallium–Porphyrin Carboxylate and 

Aryloxide Complexes Containing Functional Axial Subunits 

3.1. Introduction 

 In Chapter 2, the preparation and characterization of gallium(III) 5,10,15,20-tetra(n-

C10H21)porphyrins with axial oligo-phenylene-ethynylene (OPE) ligands [Ga(TC10P)(OPE)] was 

reported. Scanning tunneling microscopy (STM) studies revealed that this class of molecules 

reproducibly self-assemble on highly ordered pyrolytic graphite (HOPG) to form large, ordered 

monolayers with the porphyrin parallel to the surface and the OPE ligand perpendicular to it, 

despite the fact that the OPE–HOPG interaction strength increases with OPE length. While the 

formation of some of these arrays was accompanied by structural polymorphism, as has been 

observed for monolayers of other porphyrins with long, flexible alkyl side chains,
1-4

 all 

derivatives ultimately formed an identical lamellar lattice structure, suggesting a high degree of 

structural consistency can be expected for self-assembled arrays of the Ga(TC10P)X class of 

compounds. 

 While our initial investigations focused on monolayers of porphyrins with gallium–

acetylide units (Ga(porphyrin)(CCR)) due to the rigidity and hence predictable height of such 

ligands, it was of interest to explore alternative ligands to expand the scope of molecules one can 

use to assemble novel surface structures in conjunction with the porphyrin platform. In addition, 

there is also a necessity to develop alternative synthetic methods for attaching functional 

molecules that may not be compatible with the use of organolithium reagents, which are used for 

preparing the lithium–acetylide precursors for the synthesis of Ga(porphyrin)(CCR) complexes. 

Ideally, the alternative ligand binding motif should: 1) be commonly found in or easily appended 



76 
 

to a large variety of functional molecules; 2) allow for the facile attachment to the gallium(III) 

center without the need for multi-step syntheses; and 3) provide air stable complexes.  

The chemistry of Ga(porphyrin)X complexes has not been extensively explored, and as a 

consequence the range of axial ligands found in these complexes is not especially diverse. 

Previously reported derivatives are limited to X = halide,
5, 6

 N3,
7
 O3SR,

6, 8
 OR,

9
 OOR,

9
 SR,

10
 

SCN,
7
 alkyl,

9, 11, 12
 alkenyl,

11, 12
 aryl,

11, 13
 CCR,

6, 11, 12
 OAc,

5, 14
 OPh.

15
 Among those axial ligating 

groups that are not intrinsically terminal and, therefore, potentially suitable for supporting 

functional subunits, alkyl, alkenyl, and aryl ligands do not fulfill our criteria because their 

complexes are not air-stable. In contrast, air stable gallium-porphyrins with carboxylate and 

aryloxide ligands of the form Ga(Por)(OAc)
5, 14

 and Ga(OEP)(OPh)
15

 are known. However, in 

both cases, the routes by which they were synthesized are not readily adaptable to preparation of 

related derivatives: Ga(Por)(OAc) was a side-product from a porphyrin metalation reaction using 

GaCl3 with glacial acetic acid as the solvent, while Ga(OEP)(OPh) was the product of porphyrin 

metalation using Ga(acac)3 and molten phenol as the solvent. Therefore, to identify potential 

general synthetic routes to Ga(porphyrin)X aryloxide and carboxylate complexes, we examined 

preparative routes to porphyrin complexes of these ligands at other metal centers.  

Al(porphyrin)X complexes are close structural analogues to, and more common than, 

Ga(III) porphyrins. Numerous Al(porphyrin)X complexes with axial carboxylate and aryloxide 

ligands have been reported, and these complexes have been used to produce supramolecular 

structures such as molecular dyads,
16-21

 linear
18

 and cyclic
22

 porphyrin triads, and a porphyrin 

pentad.
19

 Five- and six-coordinate metalloporphyrin complexes of Sn, Ge, In, Si, and Sn 

containing M-OR and M-O2CR linkages are also known,
23-31

 where the synthetic conditions vary 

in temperature and reaction time. These are summarized in Table 3.1 and Table 3.2. Most 
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commonly, these complexes are prepared via reaction between a M(porphyrin)(OH)n (n = 1, 2) 

complex and an alcohol or carboxylic acid. Drawing on these synthetic approaches as 

inspiration, we decided to prepare the previously unknown complex Ga(TC10P)(OH) and to 

investigate its reactivity towards carboxylic acids and aryl alcohols, including those bearing 

functional moieties (Scheme 3.1). The functional subunits targeted for incorporation into 

Ga(TC10P)X complexes include a fluorescent dye, redox-active centers, and a charged moiety 

(Scheme 3.2).  
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Table 3.1. Selected Examples of Reported M(porphyrin)(OR)n Complexes. 

   
 

M n X R Reaction Conditions Ref. 

Al 1 OH 

 

Refluxed in dry C6H6 

for 12 h under nitrogen. 
18 

Al 1 OH 

 

Refluxed in dry C6H6 

for 12 h under nitrogen. 
20 

In 1 Cl 

 

Refluxed in dry toluene 

overnight under 

nitrogen in the presence 

of NaH. 

23 

Ge 2 OH 

 

Refluxed in dry C6D6 

for 12 h under nitrogen. 
26 

Sn 2 OH p-cresol 
Refluxed in C6D6 for 

1h. 
29 

Sn 2 OH 

 

Refluxed in dry C6D6 

for 12 h under nitrogen 
30 

Sn 2 OH 

 

Refluxed in dry CHCl3 

for 12 h under nitrogen. 
31 
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Table 3.2. Selected Examples of Reported M(porphyrin)(O2CR)n Complexes. 

   
 

M n X RCO2H Reaction Conditions Ref. 

Al 1 OH 

 

Stirred in dry CH2Cl2 

for 12 h at room 

temperature under 

nitrogen in the presence 

of anhydrous Na2SO4. 

16 

      

Al 1 OH 

 

Stirred in dry toluene 

for 12 h at 65°C under 

argon. 

17 

Al 1 OH 

 

Stirred in CHCl3 for 30 

min at room 

temperature. 

21 

In 1 Cl 

 

Refluxed in dry toluene 

overnight under 

nitrogen in the presence 

of NaH. 

23 

Si 2 Cl terephthalic acid 

Refluxed in DMF for 2 

h. 98 equiv. terephathlic 

acid. 

24 

Sn 2 OH 

 

Refluxed in toluene for 

12 h. 
30 

Sn 2 OH 

 

Stirred in dry toluene at 

room temperature for 2 

h under nitrogen. 

31 
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Scheme 3.1. Synthesis of Ga(TC10P)(OR) and Ga(TC10P)(O2CR) complexes. 

 

Scheme 3.2. Molecular structures (left to right, top to bottom) of Ga(TC10P)(OPh), 

[Ga(TC10P)(OC6H4py)][PF6], Ga(TC10P)(FME), Ga(TC10P)(O2CPh), Ga(TC10P)(O2CFc), and 

Ga(TC10P)(O2CC6H4pyrC60). 

 The selection of ligands used in this study is motivated not only by the interest in 

showing the versatility of this synthetic method, but also by the implications of the controlled 

organization of functional molecules for the development of nanoscale devices. The complex 

Ga(TC10P)(FME) (FME-H = fluorescein methyl ester) incorporates a derivative of the well-
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known luminescent dye fluorescein, where has been extensively used in biochemical research as 

a fluorescent label.
32

 The parent compound of FME-H, fluorescein free acid (FA) (Scheme 3.3), 

contains both an OH group on the aromatic xanthene core and a benzoic acid moiety, both of 

which may be able to serve as points of ligand attachment. In order to prevent the formation of 

constitutional isomers from the subsequent reaction with Ga(TC10P)(OH), the carboxylic acid 

moiety of FA was esterified to provide FME-H, which should react to form a Ga–O bond only at 

the aryl oxygen. The formation of self-assembled monolayers on atomically flat surfaces by dye-

bearing porphyrin complexes of this general design should allow for the patterning of 

chromophores normal to the surface. Introduction of this new functionality into self-assembled 

porphyrin arrays allows for the development of spectroscopic techniques for the characterization 

for such assemblies, as well as the investigation of possible energy-transfer phenomena in the 

surface-bound structures.  

  

Scheme 3.3. Molecular structures of FA and FME-H. 

 The complexes Ga(TC10P)(O2CFc) (Fc = ferrocenyl) and Ga(TC10P)(O2CC6H4pyrC60) 

were prepared to allow incorporation of redox-active functional units into organized monolayers. 

Molecular polyads containing covalently linked porphyrins, ferrocenes, and fullerenes have been 

investigated for their potential application as artificial photosynthetic mimics,
33

 as well as 

potential components of molecular electronic devices.
34

 However, most reported systems employ 

the porphyrin meso positions for the attachment of ferrocene moieties,
34

 which could interfere 

with porphyrin adsorption to the surface. Axial ligation to the metal center of a metalloporphyrin 
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offers an attractive alternative for surface organization. Poddutoori et al. reported molecular 

dyads and triads based on aluminum(III) tetraphenylporphyrin (TPP) axially ligated with 

fullerene derivatives (see example in Table 3.2), which were combined with additional 

ferrocene
17

 (tethered through the meso-phenyl substituent of the porphyrin) and 

tetrathiafulvalene
16

 moieties (datively bound through the metal center, trans to the modified C60 

ligand). These systems were used to demonstrate light-induced electron transfer processes 

between the various components, which illustrated the utility of these molecular constructs as 

building blocks for donor-acceptor systems. Both Ga(TC10P)(O2CFc) and 

Ga(TC10P)(O2C6H4pyrC60) can potentially self-assemble on HOPG; the organization of donor-

acceptor systems on surfaces has implications for the development of photovoltaic devices since 

well-defined, flat donor-acceptor interfaces can reduce carrier losses due to charge 

recombination.
35, 36

  

 In addition to the neutral dyads, the charged compound [Ga(TC10P)(OC6H4py)][PF6] was 

prepared. The pyridinium-containing axial ligand is commonly used as a component of rotaxanes, 

which have garnered interest in the context of molecular machines because these mechanically 

interlocked systems undergo configurational changes due to external stimuli.
37

 The attachment of 

such moieties onto Ga-porphyrins can potentially allow for the controlled assembly of rotaxanes 

on surfaces, and the successful patterning of such systems is important for the development of 

molecular functional devices.
38, 39

 

 In this chapter, the syntheses and characterization of the complexes shown in Scheme 3.2 

are described. All complexes were prepared by reaction between the acid forms (carboxylic acid 

or alcohol) of the free ligands and Ga(TC10P)(OH), where the reactions were performed at room 
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temperature in air. The composition and purity of all complexes were established by an array of 

standard analytical methods. 

3.2. Experimental Section 

 3.2.1. Materials and General Methods. All synthetic and purification procedures were 

performed in air at room temperature unless noted otherwise. CD2Cl2 was dried using 4 Å 

molecular sieves and stored under nitrogen. Toluene used for the purification of 

[Ga(TC10P)(OC6H4py)][PF6] was purified by passing it under nitrogen pressure through an 

anaerobic, stainless-steel system consisting of one column of activated A2 alumina and one 

column of activated BASF R3-11 catalyst.
40

 Chlorobenzene was dried using 4 Å molecular 

sieves and stored under nitrogen. The synthesis of Ga(TC10P)Cl is reported in Chapter 2. N-(2,4-

Dinitrophenyl)pyridinium chloride was prepared according to literature procedures.
41

 All other 

solvents, compounds, and reagents were obtained from commercial sources and used as received. 

 3.2.2. Characterization of Compounds. 
1
H-, 

13
C{

1
H}-, 

31
P{

1
H}-, and 2D (

1
H/

13
C) 

HMQC-NMR spectra were recorded at room temperature using a Bruker Avance II
+
 500 MHz 

NMR spectrometer. Chemical shifts for all 
1
H NMR and 

13
C{

1
H} NMR spectra are reported 

relative to SiMe4 and were measured relative to solvent resonances.
42

 
31

P{
1
H} NMR spectra 

were measured using 85% phosphoric acid as the external reference. The 
1
H NMR spectrum of 

N-(4-hydroxyphenyl)pyridinium hexafluorophosphate ([pyC6H4OH][PF6]) was assigned by 

analogy to the previously reported perchlorate salt.
43

 
13

C{
1
H} NMR resonances for 

[pyC6H4OH][PF6], Ga(TC10P)(OPh), Ga(TC10P)(FME), [Ga(TC10P)(OC6H4py)][PF6], 

Ga(TC10P)(O2CPh), Ga(TC10P)(O2CFc) and Ga(TC10P)(O2CC6H4pyrC60) were assigned on the 

basis of HMQC spectra. The mass spectrum for fluorescein methyl ester (FME-H) was obtained 

using an Agilent 6130 ESI LC-MS system. All other mass spectra were obtained using a Bruker 
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UltrafleXtreme MALDI-TOF/TOF mass spectrometer in reflection positive mode or reflection 

negative mode on samples prepared on a standard stainless steel plate without a matrix; the 

Bruker peptide calibration standard II (750–3150 Da) was used as the calibration standard. 

Electronic absorption spectra were recorded using a Cary 300 UV-visible spectrophotometer of 

samples in quartz cuvettes at room temperature (1 mm and 1 cm path length). Elemental analyses 

were performed at Robertson Microlit Laboratories, Ledgewood NJ. 

3.2.3. NMR Scale Reactions between Ga(TC10P)(OH) and ROH/RCO2H. Test 

reactions of Ga(TC10P)(OH) with phenol, FME-H, benzoic acid, FcCO2H, and C60pyrC6H4CO2H 

were performed using NMR samples prepared in C6D6. For each trial, the 
1
H NMR spectrum of 

Ga(TC10P)(OH) was first obtained, then the alcohol or carboxylic acid was added to the NMR 

sample as a solid. The relative concentrations of the reagents were determined by integrating 

resonances assigned to the starting materials and products: phenol, 7 equiv.; benzoic acid, 2.25 

equiv.; FcCO2H, 1.5 equiv.; FME-H and C60pyrC6H4CO2H, not determined. For test reactions 

performed with phenol and FME-H, the reaction progress was monitored at various time points 

(phenol: 5 min, 30 min, 60 min; FME: 5 min, 30 min, 75 min) after the initial addition of the 

ligands. Because FME-H is insoluble in C6D6, the sample was manually agitated every 15 

minutes. For benzoic acid, FcCO2H, and C60pyrC6H4CO2H, the reactions were complete by the 

time the first 
1
H NMR spectrum could be obtained after the addition of the free ligands (~ 5 min). 

3.2.4. Preparation of Fluorescein Methyl Ester (FME-H).
44

 The preparation of this 

compound followed literature procedure, albeit at a reduced scale and without the use of a drying 

tube containing 3 Å molecular sieves. To a suspension of fluorescein free acid (0.621 g, 1.87 

mmol) in methanol (3 mL), concentrated sulfuric acid (0.5 mL) was added dropwise, and the 

mixture was refluxed for 12 h. The reaction mixture was cooled to room temperature, after which 
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ice (1 g) and sodium bicarbonate (2 g) were added, and the resulting suspension was collected by 

filtration. The crude product was suspended in a 2% sodium bicarbonate solution (20 mL) to 

remove residual H2SO4, filtered, and washed with water (20 mL); this three step purification 

process was repeated four times. The resulting dull, red solid was washed with 1% acetic acid 

(20 mL) and water (20 mL). The 
1
H NMR spectrum of the product revealed the presence of 

unreacted fluorescein free acid (~2%). Thus, in addition to these literature purification 

procedures, the compound was purified via silica gel chromatography using CHCl3/methanol 

(9:1) as the eluent; this resulted in removal of the fluorescein free acid. Removal of the volatile 

components under vacuum provided the product as a bright red solid (0.478 g, 1.37 mmol, 73% 

yield). 
1
H NMR (DMSO-d6, 500.13 MHz; Figure 3.1): δ 8.20 (d, 1H, J = 7.5 Hz, H), 7.86 (m, 

1H), 7.77 (m, 1H), 7.49 (d, 1H, J = 7.5 Hz), 6.78 (d, 2H, J = 9.2 Hz, xanthene), 6.10–7.10 (v br, 

4H, xanthene), 3.58 (s, 3H, OCH3). The chemical shifts in the 
1
H NMR spectrum were consistent 

with values reported by Kazarian et al.,
45

 but did not agree with values reported by Adamczyk et 

al., where all xanthene proton resonances were reported as peaks with well-defined splitting 

patterns.
44

 Literature values for 
1
H NMR (300 MHz, DMSO-d6): δ 8.25 (d, 1H, J = 7.5 Hz), 7.90 

(td, 1H, J = 7.2 Hz, 1.4 Hz), 7.82 (td, 1H, J = 7.2 Hz, 1.4 Hz), 7.51 (d, 1H, J = 7.6 Hz), 7.09 (d, 

2H, J = 9.2 Hz), 7.00 (d, 2H, J = 1.5 Hz), 6.76 (dd, 2H, J = 9.2 Hz, 2.0 Hz), 3.56 (s, 3H);
44

 δ 8.18 

(d, 1H, J = 7.2 Hz), 7.84 (m, 1H), 7.75 (m, 1H), 7.46 (d, 1H, J = 

7.2 Hz), 6.77 (d, 2H, J = 9.0 Hz), 6.55 (m, 4H), 3.56 (s, 3H).
45

   

UV-vis (CH2Cl2; λmax, nm (rel. int.)): 308 (35.0), 353 (33.1), 404 

(49.7), 435 (87.2), 455 (100), 486 (63.2). ESI-MS (m/z): [M + H]
 +

 

= 347.1; predicted 347.1. 
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3.2.5. Preparation of [pyC6H4OH][PF6].
46

 This procedure was adapted from the 

synthesis of [pyC6H4OH][ClO4].
43

 A bright red solution of 4-aminophenol (0.400 g, 3.60 mmol) 

and 1-(2,4-dinitrophenyl)pyridinium chloride (0.680 g, 2.40 mmol) in absolute ethanol (7 mL) 

was refluxed for 48 h, during which the color of the reaction mixture turned red-brown. The 

solution was cooled to room temperature and filtered. The filtrate was reduced to dryness in 

vacuo, and the resulting brown residue was suspended in water (20 mL) and boiled for 10 min. 

The resulting yellow solution extracted from the brown residue was allowed to cool to room 

temperature and filtered to remove any residual 2,4-dinitroaniline, which formed as a byproduct 

during the reaction. Addition of KPF6 (0.883 g, 4.80 mmol) to the filtrate induced precipitation 

of the product as a brown-yellow solid, which was collected via filtration and dried under 

vacuum (0.268 g, 0.845 mmol, 35% yield). 
1
H NMR (DMSO-d6, 500.13 Hz; Figure 3.2): δ 10.42 

(s, 1H, OH), 9.25 (d, 2H, J = 5.7 Hz, H5), 8.71 (t, 1H, J = 7.8 Hz, H7), 8.25 (m, 2H, H6), 7.69 (d, 

J = 7.0 Hz, H3), 7.05 (d, J = 7.0 Hz, H2). 
13

C{
1
H} NMR (DMSO-d6, 125.76 Hz; Figure 3.3): δ 

159.86 (C1), 145.74 (C7), 144.65 (C5), 134.60 (C4), 128.06 

(C6), 126.00 (C3), 116.37 (C2).
 31

P{
1
H} NMR (DMSO-d6, 

202.45 Hz): δ –145.23 (sept, PF6).  

3.2.6. Preparation of C60pyrC6H4CO2H. The synthesis of this compound has been 

previously described by two different reports.
17, 47

 The following synthetic procedure is modified 

from the procedure reported by Hau, et al.
47

 C60 (0.200 g, 0.28 mmol), 4-carboxybenzaldehyde 

(0.041 g, 0.28 mmol), and sarcosine (0.250 g, 2.8 mmol) were added to chlorobenzene (60 mL) 

and refluxed overnight under an atmosphere of nitrogen. The volatile components were removed 

in vacuo, and the crude mixture was purified by column chromatography on silica gel; elution 

with toluene removed unreacted C60 as a purple band, then elution with toluene/THF (2:1) 
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allowed isolation of the crude product as a brown band. The volatile components were removed 

in vacuo, and the brown solid was suspended in CH2Cl2 (5 mL), collected via filtration, and dried 

under vacuum (0.057 g, 0.06 mmol, 23% yield). The chemical shifts in the 
1
H NMR spectrum 

obtained in CDCl3 with added CD3OD were consistent with reported values
17

 and are not re-

reported here, but the 
1
H NMR data obtained in DMSO-d6 did not agree with literature values

47
 

and are listed below. 
1
H NMR (500.13 MHz, DMSO-d6): δ

 
13.03 (s, 1H, 

CO2H), 8.03 (d, 2H, J = 8.0 Hz, H2), 7.94 (br s, 2H, H3), 5.22 (s, 1H, 

H5), 5.10 (d, 1H, J = 9.5 Hz, H6), 4.34 (d, 1H, J = 9.5 Hz, H6), 2.75 (s, 

3H, NCH3). Literature values for 
1
H NMR (DMSO-d6, 300 MHz):

47
 

10.12 (s, 1H), 8.15 (d, 2H, J = 8.4 Hz), 8.03 (d, 2H, J = 8.4 Hz), 6.89 (s, 

1H), 6.65 (s, 1H), 2.20 (s, 3H). LDI-TOF MS (m/z): [M]
+
 = 897.160; 

predicted 897.079.  

3.2.7. Preparation of Ga(TC10P)(OH). To a stirred solution of Ga(TC10P)Cl (0.196 g, 

0.207 mmol) in CH2Cl2 (20 mL), a 2 N NaOH solution (20 mL) was added. The resulting solvent 

layers were stirred vigorously to form an emulsion for 1 h. The organic layer was separated, 

washed with water, and dried with NaSO4. The volatile components were removed in vacuo, and 

the product was obtained as a purple solid (0.185 g, 0.193 mmol, 93% yield). 
1
H NMR (CD2Cl2, 

500.13 MHz; Figure 3.4): δ 9.63 (s, 8H, β), 4.86 (t, 8H, CH2CH2CH2Por), 2.56 (m, 8H, 

CH2CH2CH2Por), 1.86 (m, 8H, CH2CH2CH2Por), 1.58 (m, 8H, CH3(CH2)5CH2) 1.22–1.46 (m, 

40H, CH3(CH2)5CH2), 0.88 (t, 12H, CH3), –6.91 (s, 1H, OH). 
13

C{
1
H} NMR (CD2Cl2, 125.76 

MHz; Figure 3.5): δ 148.26 (α), 129.49 (β), 119.09 (meso), 39.21 (CH2), 35.82 (CH2), 32.34 

(CH2), 31.14 (CH2), 30.16 (CH2), 30.12 (CH2), 30.11 (CH2), 29.79 (CH2), 23.12 (CH2), 14.31 

(CH3). UV-vis (CH2Cl2; λmax, nm (rel. int.); Figure 3.20): 311 (4.9), 400 (17.1), 421 (100), 520 
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(0.7), 558 (3.3), 597 (1.6). LDI-TOF MS (m/z): [M]
−
 = 954.687; predicted 954.660. Anal. Calcd. 

for C60H93N4OGa: C, 75.37; H, 9.80; N, 5.86. Found: C, 75.14; H, 9.56; N, 5.71. 

3.2.8. Preparation of Ga(TC10P)(OPh). To a solution of Ga(TC10P)(OH) (0.054 g, 

0.056 mmol) in toluene (25 mL), phenol (0.010 g, 0.11 mmol) was added, and the reaction 

mixture was stirred for 1.5 h. The volatile components were then removed in vacuo, after which 

the purple residue was dissolved in a mixture of THF (20 mL) and acetonitrile (20 mL). The 

solvent volume was reduced in vacuo to ~20 mL, which induced precipitation of the product as a 

purple solid and a color change of the solution from purple to faint green. The product was 

isolated via filtration, and washed with acetonitrile (3 × 5 mL), and dried under vacuum (0.056 g, 

0.054 mmol, 96% yield). 
1
H NMR (CD2Cl2, 500.13 MHz; Figure 3.6): δ 9.46 (s, 8H, β), 5.51–

5.61 (m, 3H, m-Ph, p-Ph), 4.68 (t, 8H, CH2CH2CH2Por), 2.46 (m, 8H, CH2CH2CH2Por), 2.07 (d, 

2H, J = 7.4 Hz, o-Ph), 1.84 (m, 8H, CH2CH2CH2Por), 1.56 (m, 8H, CH3(CH2)5CH2), 1.25–1.40 

(m, 40H, CH3(CH2)5CH2), 0.91 (t, 12H, CH3). 
13

C{
1
H} NMR (CD2Cl2, 125.76 MHz; Figure 3.7): 

δ 157.33 (ipso-Ph), 148.16 (α), 129.21 (β), 126.57 (m-Ph), 119.12 (meso), 117.33 (o-Ph), 115.73 

(p-Ph), 39.12 (CH2), 35.66 (CH2), 32.38 (CH2), 31.15 (CH2), 30.18 (CH2), 30.14 (CH2), 29.83 

(CH2), 23.14 (CH2), 14.33 (CH3); one CH2 resonance was not resolved due to signal overlap. 

UV-vis (CH2Cl2; λmax, nm (rel. int.); Figure 3.20): 307 (3.8), 400 (17.9), 421 (100), 519 (0.6), 

559 (3.3), 599 (1.8). Anal. Calcd. for C66H97N4OGa: C, 76.80; H, 9.47; N, 5.43. Found: C, 76.51; 

H, 9.49; N, 5.29.  

3.2.9. Preparation of Ga(TC10P)(FME). To a solution of Ga(TC10P)(OH) (0.090 g, 

0.094 mmol) in toluene (15 mL), FME-H (0.041 g, 0.118 mmol) was added to form a suspension. 

The reaction mixture was stirred for 1.5 h, during which the solution color changed from purple 

to red. The mixture was then filtered to remove unreacted FME-H. The product was isolated as a 
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red-purple solid after the removal of volatile components in vacuo (0.111 g, 0.086 mmol, 91% 

yield). 
1
H NMR (CD2Cl2, 500.13 MHz; Figure 3.8): δ 9.53 (s, 8H, β), 7.99 (d, 1H, J = 7.6 Hz, 

H15 or H18), 7.46–7.55 (m, 2H, H16, H17), 6.87 (d, 1H, J = 7.2 Hz, H15 or H18), 5.60–6.60 (v 

br, “xanthene”), 4.71 (t, 8H, CH2CH2CH2Por), 3.35 (s, 3H, OCH3), 2.44 (m, 8H, 

CH2CH2CH2Por), 1.78 (m, 8H, CH2CH2CH2Por), 1.50 (m, 8H, CH3(CH2)5CH2), 1.20–1.45 (m, 

40H, CH3(CH2)5CH2), 0.90 (t, 12H, CH3); complete assignment of the xanthene core resonances 

(H2, H3, H7, H8, H10, H13) was not possible due to very broad feature(s) (centered at 6.15 ppm) 

and/or missing peaks; see Section 3.3.4. 
13

C{
1
H} NMR (CD2Cl2, 125.76 MHz; Figure 3.9): δ 

165.62, 150.94, 148.05 (α), 135.13, 132.37 (C15 or C18), 132.37 (C15 or C18), 130.91 (C16 or 

C17), 129.59 (β), 129.35 (C16 or C17), 119.39 (meso), 103.95, 52.20 (OCH3), 39.00 (CH2), 

35.57 (CH2), 32.35 (CH2), 31.07 (CH2), 30.18 (CH2), 30.09 (CH2), 30.04 (CH2), 29.80 (CH2), 

23.12 (CH2), 14.32 (CH3); chemical shifts at 165.62 ppm, 

150.94 ppm, 135.13 ppm and 103.95 ppm are not 

assigned since FME ligand resonances (C1–C14, C19) 

were not all observed. UV-vis (CH2Cl2; λmax, nm (rel. int.); 

Figure 3.20): 307 (5.1), 402 (11.8), 420 (100), 472 (6.8), 

504 (5.8), 558 (3.6), 597 (1.9).  

3.2.10. Preparation of [Ga(TC10P)(OC6H4py)][PF6].
46

 To a solution of Ga(TC10P)(OH) 

(0.200 g, 0.208 mmol) in a mixture of toluene (10 mL) and acetonitrile (10 mL) was added 

[pyC6H4OH][PF6] (0.066 g, 0.21 mmol), and the mixture was stirred for 2 h. The volatile 

components were then removed in vacuo, and the residue was extracted into toluene (20 mL) and 

filtered to remove the unreacted free ligand. The crude product was precipitated from solution 

upon the reduction of solvent volume to ~10 mL and addition of hexanes (30 mL). The solid was 
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filtered, washed with hexanes (3 × 5 mL), and dissolved in anhydrous toluene (10 mL) under an 

atmosphere of nitrogen. The product was precipitated by layering the toluene solution with 

hexamethyldisiloxane (30 mL) and cooling to –30 °C overnight under nitrogen. The pure product 

was isolated via filtration as a brown solid and dried under vacuum (0.050 g, 0.040 mmol, 25% 

yield). 
1
H NMR (CD2Cl2, 500.13 MHz; Figure 3.10): δ 9.58 (s, 8H, β), 8.38 (t, 1H, J = 7.8 Hz, 

H7), 8.11 (d, 2H, J = 5.9 Hz, H5), 7.93 (m, 2H, H6), 5.84 (d, 2H, J = 8.9 Hz, H3), 4.77 (t, 8H, 

CH2CH2CH2Por), 2.47 (m, 8H, CH2CH2CH2Por), 2.31 (d, 2H, J = 5.9 Hz, H2), 1.83 (m, 8H, 

CH2CH2CH2Por), 1.54 (m, 8H, CH3(CH2)5CH2), 1.25–1.45 (m, 40H, CH3(CH2)5CH2), 0.90 (t, 

12H, CH3). 
13

C{
1
H} NMR (CD2Cl2, 125.76 MHz; Figure 3.11): δ 162.00 (C1), 148.19 (α), 

145.19 (C7), 143.00 (C5), 130.93 (C4), 129.67 (β), 128.87 (C6), 121.93 (C3), 119.41 (meso), 

119.29 (C2), 39.17 (CH2), 35.60 (CH2), 32.35 (CH2), 31.06 (CH2), 30.18 (CH2), 30.14 (CH2), 

30.11 (CH2), 29.80 (CH2), 23.12 (CH2), 14.32 (CH3). 

31
P{

1
H} NMR (C6D6, 202.45 MHz): δ –142.14 (sept, PF6). 

UV-vis (toluene, λmax, nm (rel. int.); Figure 3.20): 312 

(3.5), 367 (3.1), 383 (3.1), 403 (9.8), 423 (100), 485 (0.3), 

519 (0.7), 559 (3.5), 598 (1.8). LDI-TOF MS (m/z): [M – 

PF6]
+
 = 1108.667; predicted 1108.726.  

3.2.11. Preparation of Ga(TC10P)(O2CPh). To a solution of Ga(TC10P)(OH) (0.056 g, 

0.059 mmol) in toluene (15 mL), benzoic acid (0.009 g, 0.074 mmol) was added. The reaction 

mixture was stirred for 15 min, and the volatile components were removed in vacuo. The crude 

product was dissolved in diethyl ether (5 mL), after which acetonitrile (15 mL) was added. The 

solution was reduced in volume to ~15 mL under vacuum to induce precipitation of the product, 

which was isolated by filtration, washed with acetonitrile (5 mL), and dried under vacuum (0.047 
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g, 0.044 mmol, 75% yield). 
1
H NMR (CD2Cl2, 500.13 MHz; Figure 3.12): δ 9.62 (s, 8H, β), 6.62 

(t, 1H, J = 7.3 Hz, p-Ph), 6.30 (m, 2H, m-Ph), 5.23 (d, 1H, J = 5.2 Hz, o-Ph), 4.83 (t, 8H, 

CH2CH2CH2Por), 2.46 (m, 8H, CH2CH2CH2Por), 1.74 (m, 8H, CH2CH2CH2Por), 1.49 (m, 8H, 

CH3(CH2)5CH2), 1.20–1.42 (m, 40H, CH3(CH2)5CH2), 0.89 (t, 12H, CH3). 
13

C{
1
H} NMR 

(CD2Cl2, 125.76 MHz; Figure 3.13): δ 163.42 (CO2Ga), 148.18 (α), 133.13 (ipso-Ph), 129.78 (p-

Ph), 129.52 (β), 127.72 (o-Ph), 126.55 (m-Ph), 119.21 (meso), 38.77 (CH2), 35.58 (CH2), 32.34 

(CH2), 30.97 (CH2), 29.77 (CH2), 23.11 (CH2), 14.30 (CH3); two CH2 resonances were not 

resolved due to signal overlap. UV-vis (toluene; λmax, nm (rel. int.); Figure 3.21): 314 (2.9), 385 

(1.1), 403 (6.9), 423 (100), 485 (0.2), 520 (0.5), 560 (3.0), 599 (1.4). LDI-TOF MS (m/z): [M]
−
 = 

1058.673; predicted 1058.687. Anal. Calcd. for C67H97N4O2Ga: C, 75.90; H, 9.22; N, 5.28. 

Found: C, 75.87; H, 8.93; N, 5.38.  

3.2.12. Preparation of Ga(TC10P)(O2CFc). To a solution of Ga(TC10P)(OH) (0.062 g, 

0.065 mmol) in toluene (15 mL), FcCO2H (0.016 g, 0.070 mmol) was added. The reaction 

mixture was stirred for 15 min, and the volatile components were removed in vacuo. The crude 

mixture was then dissolved in diethyl ether (5 mL), to which acetonitrile (15 mL) was added. 

The solvent was reduced in volume to ~15 mL under vacuum to induce precipitation of the 

product, which was isolated by filtration, washed with acetonitrile (5 mL), and dried under 

vacuum (0.049 g, 0.042 mmol, 65% yield). 
1
H NMR (CD2Cl2, 500.13 MHz; Figure 3.14): δ 9.66 

(s, 8H, β), 4.87 (t, 8H, CH2CH2CH2Por), 3.18 (m, 2H, 3,4-C5H4), 2.64 (s, 5H C5H5), 2.57 (m, 8H, 

CH2CH2CH2Por), 2.32 (m, 2H 2,5-C5H4), 1.83 (m, 8H, CH2CH2CH2Por), 1.55 (m, 8H, 

CH3(CH2)5CH2), 1.23–1.44 (m, 40H, CH3(CH2)5CH2), 0.89 (t, 12H, CH3). 
13

C{
1
H} NMR 

(CD2Cl2, 125.76 MHz; Figure 3.15): δ 166.93 (CO2Ga), 148.36 (α), 129.51 (β), 119.30 (meso), 

74.85 (1-C5H4), 68.75 (3,4-C5H4), 68.72 (C5H5), 68.67 (2,5-C5H4), 39.09 (CH2), 35.76 (CH2), 
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32.35 (CH2), 31.08 (CH2), 30.15 (CH2), 30.12 (CH2), 29.79 (CH2), 23.12 (CH2), 14.31 (CH3); 

one CH2 resonance was not resolved due to signal overlap. UV-vis (toluene; λmax, nm (rel. int.); 

Figure 3.21): 314 (3.0), 385 (1.1), 404 (7.2), 423 (100), 487 (0.2), 520 (0.5), 561 (3.1), 600 (1.5). 

LDI-TOF MS (m/z): [M]
−
 = 1166.625; predicted 1166.653. Anal. Calcd. for C71H101N4O2GaFe: 

C, 73.00; H, 8.71; N, 4.80. Found: C, 72.89; H, 8.48; N, 4.98.  

3.2.13. Preparation of Ga(TC10P)(O2CC6H4pyrC60). To a solution of Ga(TC10P)(OH) 

(0.027 g, 0.028 mmol) in toluene (10 mL), C60pyrC6H4CO2H (0.025 g, 0.028 mmol) was added. 

The reaction mixture was stirred for 15 min, filtered, then reduced in volume under vacuum to 

~5 mL. Hexanes (30 mL) was added, and the mixture was cooled overnight at −20 °C to induce 

precipitation of the product. The product was collected via filtration, washed with hexanes (5 

mL), and dried under vacuum (0.040 g, 0.022 mmol, 77% yield). 
1
H NMR (CD2Cl2, 500.13 MHz; 

Figure 3.16): δ 9.54 (s, 8H, β), 6.72 (br s, 2H, H3), 5.37 (d, 2H, J = 8.5 Hz, H2), 4.82 (t, 8H, 

CH2CH2CH2Por), 4.53 (d, 1H, J = 9.5 Hz, H6), 4.25 (s, 1H, H5), 3.76 (d, 1H, J = 9.5 Hz, H6), 

2.40 (m, 8H, CH2CH2CH2Por), 2.25 (s, 3H, NCH3), 1.75 (m, 8H, CH2CH2CH2Por), 1.48 (m, 8H, 

CH3(CH2)5CH2), 1.22–1.40 (m, 40H, CH3(CH2)5CH2), 0.89 (t, 12H, CH3). 
13

C{
1
H} NMR 

(CD2Cl2, 125.76 MHz; Figure 3.17): δ 163.26 (CO2Ga), 156.38, 154.05, 153.25, 152.98, 148.35 

(α or C60), 148.34 (α or C60), 147.17, 147.14, 146.44, 146.42, 

146.18, 146.07, 146.00, 145.99, 145.98, 145.93, 145.91, 

145.77, 145.73, 145.64, 145.56, 145.46, 145.41, 145.34, 

145.28, 145.17, 145.16, 145.11, 145.00, 144.85, 144.55, 

144.24, 144.14, 142.87, 142.80, 142.50, 142.38, 142.32, 

142.16, 142.11, 142.00, 141.95, 141.88, 141.87, 141.58, 

141.54, 141.52, 141.43, 141.17, 139.95, 139.53, 139.04, 
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138.88, 136.51, 136.34, 135.67, 135.60, 133.27, 129.45 (β), 128.14 (C2), 119.41 (meso), 82.98 

(C5), 76.90, 69.92 (C6), 69.04, 66.06, 39.53 (NCH3), 38.88 (CH2), 35.74 (CH2), 32.39 (CH2), 

31.08 (CH2), 30.18 (CH2), 30.17 (CH2), 30.16 (CH2), 29.84 (CH2), 23.16 (CH2), 14.36 (CH3); 65 

of the 68 C60pyrC6H4CO2 resonances were observed. UV-vis (toluene; λmax, nm (rel. int.); Figure 

3.21): 311 (10.9), 329 (10.0), 380 (3.2), 403 (7.9), 423 (100), 486 (0.5), 520 (0.7), 560 (3.2), 599 

(1.5). Anal. Calcd. for C130H102N5O2Ga: C, 85.05; H, 5.60; N, 3.81. Found: C, 84.78; H, 5.31; N, 

3.80. 
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Figure 3.1. 
1
H NMR spectrum of FME-H in DMSO-d6. The bottom spectrum is an expansion of 

the top spectrum. 
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Figure 3.2. 

1
H NMR spectrum of [pyC6H4OH][PF6] in DMSO-d6. 
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Figure 3.3. 
13

C{
1
H} NMR spectrum of [pyC6H4OH][PF6] in DMSO-d6. 
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Figure 3.4. 

1
H NMR spectrum of Ga(TC10P)(OH) in CD2Cl2. 

 
Figure 3.5. 

13
C{

1
H} NMR spectrum of Ga(TC10P)(OH) in CD2Cl2.  
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Figure 3.6a,b. 

1
H NMR spectrum of Ga(TC10P)(OPh) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum.  



99 
 

 
Figure 3.6c. Expansion of the 

1
H NMR spectrum of Ga(TC10P)(OPh) in CD2Cl2 showing the 

upfield shifted aryl resonance. 

 
Figure 3.7. 

13
C{

1
H} NMR spectrum of Ga(TC10P)(OPh) in CD2Cl2.   
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Figure 3.8. 

1
H NMR spectrum of Ga(TC10P)(FME) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum. The broad feature (5.60–6.60 ppm) is tentatively attributed to 

xanthene resonances. 
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Figure 3.9. 

13
C{

1
H} NMR spectrum of Ga(TC10P)(FME) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum.  
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Figure 3.10a,b. 

1
H NMR spectrum of [Ga(TC10P)(OC6H4py)][PF6] in CD2Cl2. The bottom 

spectrum is an expansion of the top spectrum. 
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Figure 3.10c. Expansion of the 

1
H NMR spectrum of [Ga(TC10P)(OC6H4py)][PF6] in CD2Cl2 

showing the upfield shifted aryl proton resonance. 
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Figure 3.11. 

13
C{

1
H} NMR spectrum of [Ga(TC10P)(OC6H4py)][PF6] in CD2Cl2. The bottom 

spectrum is an expansion of the top spectrum. 
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Figure 3.12. 

1
H NMR spectrum of Ga(TC10P)(O2CPh) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum.  
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Figure 3.13. 

13
C{

1
H} NMR spectrum of Ga(TC10P)(O2CPh) in CD2Cl2. The bottom spectrum is 

an expansion of the top spectrum.  
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Figure 3.14. 

1
H NMR spectrum of Ga(TC10P)(O2CFc) in CD2Cl2. The bottom spectrum is an 

expansion of the top spectrum.  
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Figure 3.15. 

13
C{

1
H} NMR spectrum of Ga(TC10P)(O2CFc) in CD2Cl2. The bottom spectrum is 

an expansion of the top spectrum. 
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Figure 3.16. 
1
H NMR spectrum of Ga(TC10P)(O2CC6H4pyrC60) in CD2Cl2. The bottom spectrum 

is an expansion of the top spectrum. 
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Figure 3.17a,b. 
13

C{
1
H} NMR spectrum of Ga(TC10P)(O2CC6H4pyrC60) in CD2Cl2. The bottom 

spectrum is an expansion of the top spectrum. 
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Figure 3.17c,d. Expansions of the 
13

C{
1
H} NMR spectrum of Ga(TC10P)(O2CC6H4pyrC60) in 

CD2Cl2. 
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3.3. Results and Discussion 

3.3.1. Synthesis and Characterization of the Functional Ligand C60pyrC6H4CO2H. 

The synthesis of Ga(TC10P)(O2CC6H4pyrC60) required preparation of the precursor carboxylic 

acid C60pyrC6H4CO2H. Although two synthetic procedures for this compound have been 

previously reported, it was found that a modified procedure provided material better suited to our 

purposes. The two reported procedures both involve reaction between C60, 4-

carboxybenzaldehyde, and sarcosine but use different reaction conditions and starting-material 

ratios. Hau et al. reported that a mixture of C60, 4-carboxybenzaldehyde, and sarcosine at a 1:5:5 

ratio, refluxed in chlorobenzene under argon overnight, provided the product in 95% yield after 

purification of the crude product via silica gel. The second synthetic procedure was reported by 

Poddutoori et al.,
17

 where the ratio of C60, 4-carboxybenzaldehyde, and sarcosine was reported to 

be 1:2:5, and the reaction mixture was refluxed in toluene for 2 h under nitrogen with a reported 

yield of 48% after purification via silica gel chromatography. 

Due to the higher reported yield, the preparation of C60pyrC6H4CO2H was first attempted 

using the Hau procedure, with the only deviation in conditions being that the reaction mixture 

was refluxed under nitrogen instead of argon. While the reaction mixture did change color from 

purple to brown as reported, subsequent purification via silica gel chromatography using the 

reported solvent mixture provided no product. A second attempt using the Poddutoori procedure 

also provided no product, although unreacted C60 was recovered. A third attempt that combined 

aspects of the two procedures (the ratio of C60, 4-carboxybenzaldehyde, and sarcosine was 1:5:5, 

per Hau, and the reaction was run overnight in toluene, per Poddutoori) resulted in no product, 

and no unreacted C60 was isolated from the reaction mixture. 
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An investigation into Prato reaction
 
conditions for other C60 derivatives revealed that the 

use of excess aldehyde can result in the formation of polyadducts,
48-51

 and that this may have 

been occurring in our attempts to repeat the Hau and Poddutoori procedures, which call for the 

use of excess aldehyde. For example, preparations of C60pyrC6H4CCSi(CH3)3 note specifically 

that stoichiometric
52

 or substoichiometric
53

 amounts of the 4-(2-

trimethylsilylethynyl)benzaldehyde are used in its preparation, rather than the excess quantities 

referred to above. Similarly, a recent paper by Erten-Ela et al.
54

 reported the preparation of a 

benzoic acid fullerene bisadduct from C60 and 4-carboxybenzaldehyde in a 1:2 ratio. Based on 

these observations, the procedure reported by Hau was modified by reducing the C60:4-

carboxybenzaldehyde ratio to 1:1. The change in the reactant ratio resulted in the successful 

preparation of C60pyrC6H4CO2H with a 23% yield. The identity and purity of the product were 

confirmed by LDI-TOF-MS and 
1
H NMR spectroscopy, with the latter providing chemical shifts 

identical to those reported by Poddutoori et al. 

3.3.2. Synthesis and Characterization of Ga(TC10P)(O2CR) Complexes. The reactions 

between Ga(TC10P)(OH) and carboxylic acids were initially investigated by NMR-scale test 

reactions, in which the carboxylic acids (benzoic acid, FcCO2H, and C60pyrC6H4CO2H) were 

added to a Ga(TC10P)(OH) solution in C6D6 and allowed to react at room temperature in air. The 

formation of the corresponding Ga(TC10P)(O2CR) complexes was complete within ~5 minutes, 

as shown in the first 
1
H NMR spectra recorded after the initial addition of the free ligands. The 

products were identified by the appearance of O2CR ligand resonances with characteristic upfield 

shifts due to porphyrin ring-current effects
55

 (Table 3.3), and the completion of the reactions was 

indicated by the presence of a single set of porphyrinic β-H and meso α-CH2 resonances that are 

easily distinguishable from those of Ga(TC10P)(OH). The preparation of the Ga(TC10P)(O2CR) 
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complexes in minutes at room temperature is in contrast to the reported procedures for the 

preparation of the analogous Al(Por)(O2CR) complexes Al(TPP)(O2CPh) and 

Al(TPP)(O2CC6H4pyrC60), both of which are reported to require reflux conditions for extended 

reaction times under inert conditions.
17

  

Table 3.3. Selected 
1
H NMR Chemical Shifts of Ga(TC10P)(OH) and Ga(TC10P)(O2CR) 

Complexes in C6D6. 

 β α-CH2 (RCO2)Ga(TC10P)
a
 RCO2H

b
 

Ga(TC10P)(OH) 9.55 4.81 - - 

Ga(TC10P)(O2CPh) 9.59 4.81 6.28 (t, 1H, p-Ph) 

6.05 (m, 2H, m-Ph) 

5.87 (d, 2H, o-Ph) 

8.10 (d, 2H, o-Ph) 

7.07 (t, 1H, p-Ph) 

6.98 (m, 2H, m-Ph) 

Ga(TC10P)(O2CFc) 9.63 4.87 3.02 (m, 2H, 3,4-C5H4) 

2.81 (s, 5H, C5H5) 

2.79 (m, 2H, 2,5-C5H4) 

4.86 (m, 2H, C5H4) 

4.01 (m, 2H, C5H4) 

3.97 (s, 5H, C5H5) 

Ga(TC10P)(O2CC6H4pyrC60) 9.47 4.79 6.63 (br s, 2H, H3) 

6.05 (d, 2H, H2) 

4.05 (d, 1H, H6) 

3.93 (s, 1H, H5) 

3.32 (d, 1H, H6) 

1.87 (s, 3H, NCH3)  

8.03 (d, 2H, H2)  

7.94 (br s, 2H, H3) 

5.22 (s, 1H, H5) 

5.10 (d, 1H, H6) 

4.34 (d, 1H, H6) 

2.75 (s, 3H, NCH3) 

a
 Assigned based on spectra recorded in CD2Cl2. 

b
 C60pyrC6H4CO2H resonances not observed in 

C6D6 due to low solubility; values reported for spectrum recorded in DMSO-d6. 

 The facile synthesis of the Ga(TC10P)(O2CR) complexes observed at the NMR scale was 

also found in preparatory scale reactions. The syntheses of Ga(TC10P)(O2CPh) and 
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Ga(TC10P)(O2CFc) were achieved by reacting Ga(TC10P)(OH) with slight excesses of the 

corresponding carboxylic acids (1.3 equiv. of benzoic acid, 1.1 equiv. of FcCO2H) in toluene. 

Since the effect of reactant concentration on reaction rate was not determined in the NMR-scale 

reactions, the preparatory-scale reactions were allowed to run for 15 min to ensure completion; 

this was evidenced by the absence of resonances due to Ga(TC10P)(OH) starting material in the 

1
H NMR spectrum of the crude product. Purification of the dyads was achieved by taking 

advantage of the disparity between the solubility of the dyad molecules and the unreacted 

carboxylic acids in acetonitrile. The yields of these products were reasonable 

(Ga(TC10P)(O2CPh): 75%; Ga(TC10P)(O2CFc): 65%). Their composition and purity were 

established by 
1
H NMR, 

13
C{

1
H} NMR, LDI-MS and CHN elemental analysis. 

 Ga(TC10P)(O2CC6H4pyrC60) was prepared using the same general procedure, but due to 

the small quantity of free ligand available an excess could not be used. In practice, at this small 

scale, inaccuracies in weighing the reagents resulted in Ga(TC10P)(OH) being present in a slight 

excess. The removal of unreacted Ga(TC10P)(OH) required an alternative purification procedure, 

because precipitation of the product from THF/acetonitrile or diethyl ether/acetonitrile also 

induced the precipitation of unreacted Ga(TC10P)(OH). Instead, the compound was purified by 

taking advantage of the fact that the solubility of Ga(TC10P)(O2CC6H4pyrC60) in hexanes is 

lower than that of Ga(TC10P)(OH); this allowed isolation of Ga(TC10P)(OH) from the product 

from layered toluene:hexanes (1:6 by volume) at –20 ⁰C. The product was obtained in 77% yield, 

which was reduced from a crude yield of 95%. The composition of the compound was 

established by 
1
H NMR, 

13
C{

1
H} NMR, and CHN elemental analysis. One complication in 

analyzing Ga(TC10P)(O2CC6H4pyrC60) was that the mass spectrum did not exhibit the molecular 

ion peak. Furthermore, the mass spectrum obtained for this complex was obscured by the 



116 
 

fragmentation pattern attributed to the free fullerene. The possibility that free C60 is present as an 

appreciable impurity is excluded by the fact that the elemental analysis in good agreement with 

expected values. It seems likely that the observed C60 LDI-MS peak is a product of the ionization 

process; indeed, MALDI experiments carried out with monofunctionalized fullerene derivatives 

revealed the formation of bisadducts, which were hypothesized to be result of a retro-

cycloaddition process that also resulted in the simultaneous formation of unsubstituted C60.
56

 

 3.3.3. Synthesis and Characterization of Ga(TC10P)(OPh), Ga(TC10P)(FME), and 

[Ga(TC10P)(OC6H4py)][PF6]. The reactivity of Ga(TC10P)(OH) with phenol was investigated 

on the NMR scale in C6D6. The reaction was found to be much slower than those between 

Ga(TC10P)(OH) and carboxylic acids. The NMR spectra of the reaction between Ga(TC10P)(OH) 

and phenol (~7 equiv.) recorded at 5, 30, and 60 minutes from the start of the reaction are 

presented in Figure 3.18. Several resonances were diagnostic for monitoring the reaction (Table 

3.4): the β resonances of Ga(TC10P)(OPh) (9.53 ppm) and Ga(TC10P)(OH) (shifted from 9.55 

ppm to 9.53 ppm after the addition of phenol), the upfield-shifted aryl resonances of the bound 

ligand (2.86 ppm, 5.89–5.97 ppm), and the OH resonance of Ga(TC10P)(OH) at –6.41 ppm. 

 Within 5 min of the addition of phenol, the β resonance of Ga(TC10P)(OH) is observed to 

be weak relative to that of Ga(TC10)(OPh), whose presence was further confirmed by the 

appearance of upfield shifted aryl proton resonances.  At 30 min, the β resonance of 

Ga(TC10P)(OH) had weakened further in intensity relative to the product, and at 60 min it was 

absent. Interestingly, the OH resonance of Ga(TC10P)(OH) at –6.41 ppm was not observed after 

the addition of phenol, even though Ga(TC10P)(OH) is still present. This is possibly due to 

hydrogen bonding between Ga-OH moiety and phenol, the OH resonance of which was also 

broad at 5 min but gradual sharpened as the reaction progressed.  
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Figure 3.18. 
1
H NMR spectra of the NMR-scale reaction between Ga(TC10P)(OH) and phenol in 

C6D6. The top spectrum shows the rapid appearance of shifted aryl proton resonances of the 

bound ligand. The bottom panel shows the disappearance of Ga(TC10P)(OH) β proton resonance 

over time.  
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 In addition to changes in resonances corresponding to the porphyrin core and the ligand 

over the course of the reaction, the integration of the H2O resonance is also expected to increase 

because H2O is a byproduct of the reaction. When comparing the integration of the H2O 

resonance relative to the total integration of β proton resonances (8), its integration was observed 

to increase from 13.18 before the addition of phenol (arising from adventitious water in the NMR 

solvent) to 15.53 in the spectrum recorded 60 min after the addition of phenol. Since the total 

amount of porphyrin in solution was constant, an increase of the integration by ~2 corresponds to 

the generation of 1 equivalent of H2O for the formation of each equivalent of Ga(TC10P)(OPh). 

These observations indicate that the reaction between Ga(TC10P)(OH) and phenol could readily 

occur in air at room temperature. 

 The reactivity between Ga(TC10P)(OH) and FME-H to form Ga(TC10P)(FME) was also 

studied on the NMR scale. Several resonances were diagnostic for monitoring the reaction (Table 

3.4): the β proton resonances of both Ga(TC10)(FME) (9.49 ppm) and Ga(TC10P)(OH) (shifted 

from 9.55 ppm to 9.53 ppm after the addition of FME-H), the α-CH2 resonances of both 

complexes (Ga(TC10P)(OH): 4.81 ppm; Ga(TC10P)(FME): 4.70 ppm), the FME ligand proton 

resonances (2.01, 2.96, 5.32, 6.20, 6.37, 6.53, 6.53, 6.65, 6.74–6.86, 7.80 ppm), and the OH 

resonance of Ga(TC10P)(OH) at –6.41 ppm (not observed after the addition of FME-H). 

 Although FME-H is not soluble in C6D6, proton resonances attributable to a bound FME 

ligand were observed within 5 min after the addition of FME-H to a Ga(TC10P)(OH) solution in 

C6D6. As shown by 
1
H NMR spectra recorded at 5 min, 30 min, and 75 min after the addition of 

FME-H to the NMR sample (Figure 3.19), the reaction between Ga(TC10P)(OH) and FME also 

proceeded within a similar time scale in C6D6 when compared to the formation of 

Ga(TC10P)(OPh) (complete in ~75 minutes). The integration of the H2O resonance was observed 
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to increase from 4.08 before the addition of FME to 6.30 in the spectrum recorded 75 min after 

the addition of FME, which corresponds to the generation of 1 equivalent of H2O per 1 

equivalent of Ga(TC10P)(FME) formed. 

Table 3.4. Selected 
1
H NMR Chemical Shifts of Ga(TC10P)(OH) and Ga(TC10P)(OR) 

Complexes in C6D6. 

 β α-CH2 (RO)Ga(TC10P)
a
 ROH

b
 

Ga(TC10P)(OH) 9.55 4.81 - - 

Ga(TC10P)(OPh) 9.53 4.76 5.89–5.97 (m, 3H, m-Ph and p-Ph) 

2.86 (d, 2H, o-Ph)  

7.00 (m, 2H, m-Ph) 

6.74 (t, 1H, p-Ph) 

6.41 (d, 2H, o-Ph) 

Ga(TC10P)(FME)
c
 9.49 4.70 7.80 (d, 1H, H15 or H18) 

6.74–6.86 (m, 2H, H16 and H17) 

6.65 (br s, 1H) 

6.53 (br s, 1H) 

6.37 (br s, 1H) 

6.20 (d, 1H, H15 or H18) 

5.32 (br s, 1H) 

2.96 (s, 3H, OCH3) 

2.01 (br s, 1H) 

8.20 (d, 1H)  

7.86 (m, 1H) 

7.77 (m, 1H) 

7.49 (d, 1H)  

6.05–7.01 (m, 6H) 

3.58 (s, 3H) 

 

a 
Assigned based on spectra obtained in CD2Cl2. 

b
 FME-H values obtained from a spectrum 

recorded in DMSO-d6 due to insolubility in C6D6. 
c
 Broad peaks only observed during reaction; 

see Figure 3.21. 
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Figure 3.19a,b. 
1
H NMR spectra of the NMR-scale reaction between Ga(TC10P)(OH) and FME-

H in C6D6. The top spectrum shows the rapid appearance of shifted aryl proton resonances of the 

bound FME ligand. The bottom panel shows the disappearance of Ga(TC10P)(OH) β proton 

resonance over time. 
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Figure 3.19c. An expansion of the aryl region of the 
1
H NMR spectra of the NMR-scale reaction 

between Ga(TC10P)(OH) and FME-H in C6D6. The gradual broadening of the xanthene proton 

resonances of Ga(TC10P)(FME) over the course of the reaction is observed; see discussion in 

Section 3.3.4. 

 From the results of the NMR-scale reactions between Ga(TC10P)(OH) and aryl alcohols, 

it was determined that the reactions rates are slower than those of reactions between 

Ga(TC10P)(OH) and carboxylic acids. The difference in reactivity between carboxylic acids and 

aryl alcohols with M(porphyrin)(OH) derivatives has been noted by Lazarides et al. in their 

report on the synthesis of Sn(porphyrin)X2 complexes, where reactions between Sn(TPP)(OH)2 

and aryl alcohols required higher reaction temperatures (~60 °C for aryl alcohols; room 

temperature for carboxylic acids) and longer reaction times (5–12 h for aryl alcohols; 30 min to 2 

h for carboxylic acids) than reactions with carboxylic acids.
31

  

 Based on the results of the test reactions, Ga(TC10P)(OPh) was synthesized on a 

preparative scale in air at room temperature in toluene. Only a small excess of the alcohol forms 
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of the ligands were used for the reactions, although the reaction times were increased to 1.5 h to 

ensure complete formation of the products, which was confirmed by 
1
H NMR spectra of the 

crude products. Due to the high solubility of phenol in acetonitrile the purification of 

Ga(TC10P)(OPh) was achieved by dissolving the crude product in a mixture of THF and 

acetonitrile and reducing the solvent volume in vacuo to induce precipitation of pure compound. 

On the other hand, the purification of Ga(TC10P)(FME) was easily achieved by filtering the 

reaction mixture to remove the unreacted FME-H since it is insoluble in toluene. Both complexes 

were prepared in high yield (Ga(TC10P)(OPh): 95%; Ga(TC10P)(FME): 91%), and their 

compositions were established by 
1
H NMR and 

13
C{

1
H} NMR. Ga(TC10P)(OPh) was further 

characterized by CHN elemental analysis. 

 The synthesis of [Ga(TC10P)(OC6H4py)][PF6] required reaction conditions different from 

those of the other aryloxide complexes. Attempts to prepare the complex using the procedure for 

Ga(TC10P)(OPh) and Ga(TC10P)(FME) resulted in the reaction of approximately 20% of the 

starting Ga(TC10P)(OH), as shown by 
1
H NMR spectra of the reaction mixtures, and neither 

increasing the reaction time from 1.5 h to 3 h nor heating the reaction mixture to reflux increased 

the yield. The reaction solvent was subsequently changed from toluene to a mixture of toluene 

and acetonitrile (1:1 by volume) in order to increase the solubility of [HOC6H4py][PF6], which 

resulted in final reaction mixture with a 95:5 ratio of product to unreacted Ga(TC10P)(OH) after 

2 h at room temperature. While the unreacted Ga(TC10P)(OH) could be partially removed by 

washing the crude product with hexanes, purification of [Ga(TC10P)(OC6H4py)][PF6] was only 

successfully obtained by layering a toluene solution of the crude product with 

hexamethyldisiloxane. This resulted in a reduction of yield of the product to 25% due to its 

unusual solubility in the nonpolar solvent mixture; reports of hexafluorophosphate organic salts 
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soluble in hydrocarbon solvents have largely been limited to ionic liquids.
57

 The composition 

was established by 
1
H NMR, 

13
C{

1
H} NMR, 

31
P{

1
H} NMR, and LDI-MS. While the preparation 

and purification procedure of [Ga(TC10P)(OC6H4py)][PF6] have yet to be optimized, the 

successful preparation of this complex demonstrates the feasibility of preparing ionic Ga-

porphyrin complexes. 

 3.3.4. Unusual NMR-Spectroscopic Features of Ga(TC10P)(OR) and 

Ga(TC10P)(O2CR) Compounds. For all Ga(TC10P)(OR) and Ga(TC10P)(O2CR) complexes, 

a characteristic feature of the 
1
H NMR spectra is that the OR and O2CR resonances are shifted 

upfield relative to those of the acid forms of the free ligands. This is a consequence of their close 

proximity to the porphyrin ring and its associated ring current;
55

 more pronounced upfield shifts 

are observed for protons that are closer to the porphyrin core, as has been observed for other 

axially substituted porphyrin compounds.
23, 31

 For example, the phenyl proton resonances of 

Ga(TC10P)(O2CPh) are found at 5.87 ppm (o-Ph), 6.05 ppm (m-Ph), and 6.28 (p-Ph) in C6D6 

(Table 3.3), whereas the corresponding resonances of benzoic acid are found at 8.10 ppm, 6.98 

ppm, and 7.07 ppm; the magnitudes of the upfield shifting of resonances (: o-Ph: 2.33 ppm; 

m-Ph:  0.93 ppm; p-Ph: 0.79 ppm) clearly shows that the protons that are closer to the porphyrin 

core experience greater shielding. For Ga(TC10P)(OPh), the upfield shifts of ligand resonances 

(: o-Ph: 3.55 ppm; m-Ph: ~1.07 ppm; p-Ph: ~0.81 ppm; the latter two values are measured 

with respect to the center of the m-Ph and p-Ph multiplet at 5.89–5.97 ppm) are greater compared 

to Ga(TC10P)(O2CPh) due to the reduced distance between the ligand and the porphyrin core. 

 All 
1
H-NMR resonances of the axial ligands are observed for all complexes except 

Ga(TC10P)(FME). In the NMR-scale reaction (Figure 3.21), five of the six xanthene resonances 

of the FME ligand could be observed ~5 min after the addition of FME-H to a Ga(TC10P)(OH) 
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solution in C6D6 as broad singlets (6.65, 6.53, 6.37, 5.32, and 2.01 ppm; the sixth resonance  

likely overlaps with the C6D6 solvent resonance). These resonances broadened over the course of 

the reaction, and could not be resolved upon reaction completion. In contrast, the resonances of 

the methyl benzoate moiety at 7.80 ppm, 6.74–6.86 ppm, 6.20 ppm, and 2.96 ppm, which were 

used to confirm the attachment of FME, remained sharp and well-resolved. The line broadening 

of xanthene core resonances was also observed in the 
1
H NMR spectrum of the purified 

compound recorded in CD2Cl2, which suggested that this observation was not solvent dependent 

or due to the presence of suspended solid (FME-H) in solution. Similarly, only 9 of the 21 

chemical shifts expected for the FME ligand in the 
13

C{
1
H} NMR spectrum could be observed; 5 

of 9 were assigned to carbons of the aryl ester moiety on the basis of the HMQC spectrum.
 
Due 

to the observation that the xanthene proton resonances were better resolved at the onset of the 

NMR-scale reaction, where the solvent temperature was elevated due to the exothermic nature of 

the reaction, the broadening of xanthene resonances is tentatively attributed to structural 

anisotropy and slow rotation of the FME ligand.
58

 

 For Ga(TC10P)(O2CC6H4pyrC60), ligand attachment was confirmed by the appearance of 

the resonances pertaining to the aryl and pyrrolidinyl moieties in the 
1
H NMR spectrum but the 

13
C{

1
H} NMR spectrum could not be fully assigned due to the large number of inequivalent 

fullerene resonances that resulted from the attachment of the Prato adduct. However, pertinent 

features of Ga(TC10P)(O2CC6H4pyrC60), such as the aryl and pyrrolidinyl resonances, could be 

identified on the basis of the HMQC spectrum.  

 3.3.5. Physical Characterization of Ga(TC10P)(OR) and Ga(TC10P)(O2CR) 

Complexes. UV-vis absorption spectra of Ga(TC10P)(OH), Ga(TC10P)(OR), and 

Ga(TC10P)(O2CR) complexes are shown in Figures 3.20 and 3.21, and are summarized in Table 
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3.5. The spectra of Ga(TC10P)(OH), Ga(TC10P)(OPh), Ga(TC10P)(O2CPh), and 

Ga(TC10P)(O2CFc) exhibit typical metalloporphyrin absorption bands, with a strong Soret band 

at ~420 nm, and two Q-bands at ~560 nm and ~600 nm. While ferrocene also exhibits absorption 

bands in the visible wavelength region, the extinction coefficient of the stronges absorption band 

at 440 nm is 91 M
-1

cm
-1 

in toluene,
59

 which is negligible when compared to the extinction 

coefficients of the porphyrin absorption bands (Soret: ~10
5
 M

-1
cm

-1
; Q: ~10

4
 M

-1
cm

-1
). As a 

result, the band maxima and relative intensities of Ga(TC10P)(O2CFc) and Ga(TC10P)(O2CPh) 

are essentially identical (Table 3.5). 
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Figure 3.20. Electronic-absorption spectra of Ga(TC10P)(OH) and Ga(TC10P)(OR) compounds. 

The spectra for [Ga(TC10P)(OC6H4py)][PF6] was recorded in toluene; all other spectra were 

recorded CH2Cl2. The solid black lines represent magnified versions of spectra represented by 

the dashed lines. 
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Figure 3.21. Electronic-absorption spectra of Ga(TC10P)(O2CR) compounds in toluene. The 

spectra represented by the solid lines and dashed lines were obtained using 1 cm and 1 mm 

cuvettes. 
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Table 3.5. Electronic-Absorption Band Maxima (nm) and Relative Intensities of Ga(TC10P)(OH), 

Ga(TC10P)(OR), and Ga(TC10P)(O2CR) Compounds.
a
 

Compound Solvent λ, nm (rel. int.) 

Ga(TC10P)(OH) CH2Cl2 311 (4.9), 400 (17.1), 421 (100), 520 (0.7), 558 (3.3), 

597 (1.6) 

Ga(TC10P)(OPh) CH2Cl2 307 (3.8), 400 (17.9), 421 (100), 519 (0.6), 559 (3.3), 

599 (1.8) 

Ga(TC10P)(FME) CH2Cl2 307 (5.1), 402 (11.8), 420 (100), 472 (6.8), 504 (5.8), 

558 (3.6), 597 (1.9) 

FME-H CH2Cl2 308 (35.0), 353 (33.1), 404 (49.7), 435 (87.2), 455 

(100), 486 (63.2) 

[Ga(TC10P)(OC6H4py)][PF6] toluene 312 (3.5), 367 (3.1), 383 (3.1), 403 (9.8), 423 (100), 

485 (0.3), 519 (0.7), 559 (3.5), 598 (1.8) 

Ga(TC10P)(O2CPh) toluene 314 (2.9), 385 (1.1), 403 (6.9), 423 (100), 485 (0.2), 

520 (0.5), 560 (3.0), 599 (1.4) 

Ga(TC10P)(O2CFc) toluene 314 (3.0), 385 (1.1), 404 (7.2), 423 (100), 487 (0.2), 

520 (0.5), 561 (3.1), 600 (1.5) 

Ga(TC10P)(O2CC6H4pyrC60) toluene 311 (10.9), 329 (10.0), 380 (3.2), 403 (7.9), 423 (100), 

486 (0.5), 520 (0.7), 560 (3.2), 599 (1.5) 

  λ, nm (log ɛ) 

Al(TPP)(O2CC6H4pyrC60)
b
 CH2Cl2 256 (5.06), 310 (4.68), 416 (5.72), 547 (4.33), 585 

(3.52) 

C60pyrC6H4CO2CH3
b
 CH2Cl2 256 (5.06), 309 (4.55) 

a
 Spectra recorded between 300 and 700 nm. 

b
 Reference 17. 

 

 The electronic absorption spectrum of Ga(TC10P)(FME) is different from the complexes 

mentioned above due to the presence of the chromophore FME, which contributes absorption 

bands that are clearly distinguishable from the typical porphyrin bands. In comparing the 

absorption spectra of Ga(TC10P)(FME) and Ga(TC10P)(OPh) (Figure 3.23), it is apparent that the 

porphyrinic absorption bands are not perturbed by the introduction of the FME ligand as shown 
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by the minimal deviations of their absorption maxima and relative intensities from those of 

Ga(TC10P)(OPh) (Table 3.5). The absorption maxima attributed to the FME ligand, on the other 

hand, are red shifted relative to those of FME-H and exhibit different band shapes. In particular, 

the vibronic bands observed for FME-H at 455 and 486 nm are shifted to 472 and 504 nm, with 

the longer-wavelength band being more sharply resolved in Ga(TC10P)(FME) than in FME-H 

(Figure 3.22 and Table 3.5). Although the effects on the absorption bands of FME when ligated 

have not been reported, its bands are known to undergo changes as a function of molecular 

charge, which was demonstrated by absorption spectra reported at various pH in aqueous 

media;
60

 the change in the FME absorption features upon ligation is consistent with the transition 

of the FME-H from a neutral species to a monovalent anion, and therefore is not attributed to the 

electronic perturbation by the porphyrin. Metalloporphyrin-based multichromophoric complexes 

with axially ligated fluorescent dyes such as In(TPP)(O-BDP)
23

 and Sn(TPP)(O-BDP)2
31

 (HO-

BDP = N,N′-5-(p-hydroxyphenyl)dipyrrin), have been shown to exhibit negligible shifts in 

absorption peaks when compared to their free components, which suggested weak electronic 

coupling between the constituent chromophores in the ground state.  
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Figure 3.22. Overlaid absorption spectra of FME-H, Ga(TC10P)(OPh), Ga(TC10P)(FME) and 

FME-H in CH2Cl2. The intensities were normalized with respect to the Q bands.  

 In the electronic absorption spectrum of Ga(TC10P)(O2CC6H4pyrC60), the porphyrinic 

absorption bands are not perturbed by the introduction of the axial ligand, which is evidenced by 

the minimal deviations of their absorption wavelengths and relative intensities compared to the 

Ga(TC10P)(O2CPh) model complex. The large increase in the absorption band at 311 nm can be 

attributed to the modified fullerene ligand; the methyl ester derivative of C60pyrC6H4CO2H, 

C60pyrC6H4CO2CH3, which was previously prepared by Poddutoori et al. as a reference 

compound for Al(TPP)(O2CC6H4pyrC60), was found to have an absorption band at 309 nm in 

CH2Cl2 (Table 3.5).
17

 The electronic absorption spectrum of Ga(TC10P)(O2CC6H4pyrC60) can 

therefore be described as the superposition of the absorption spectra of the individual 

components of the dyad, which is consistent with the findings of Poddutoori et al. with 

Al(TPP)(O2CC6H4pyrC60). 
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3.4. Conclusion 

 Through NMR-scale test reactions, it has been shown that five-coordinate 

Ga(TC10P)(O2CR) and Ga(TC10P)(OR) complexes can be easily prepared via the reaction 

between Ga(TC10P)(OH) and the corresponding carboxylic acid or aryl alcohol. We took 

advantage of this reactivity to prepare novel Ga(III) porphyrin dyads containing axially ligated 

functional moieties. In contrast to the synthetic procedures used for other five- and six-

coordinate metalloporphyrins with the same axial ligand binding motifs, which reported the use 

of elevated temperatures and a requirement for the reactions to be performed under an inert 

atmosphere, the preparations of Ga(TC10P)(OR) and Ga(TC10P)(O2CR) complexes have been 

shown to readily occur at room temperature in air. Through the use of these binding motifs, a 

variety of functional moieties have been successfully incorporated as axial ligands of five-

coordinate Ga(III) porphyrin complexes, showing the versatility of this synthetic approach to 

prepare novel molecular dyads.  
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CHAPTER 4 

Monolayers on HOPG of Five-Coordinate Gallium-Porphyrin Carboxylate and Aryloxide 

Complexes Containing Functional Axial Subunits 

4.1. Introduction 

 The controlled patterning of functional molecules on surfaces is of great interest due to its 

importance in the development of nanoscale functional systems.
1, 2

 This has led to extensive 

research in the synthesis of surface-confined supramolecular structures using planar organic and 

organometallic molecules as structural building blocks, where the molecular planes orient 

parallel to the substrate. A variety of structural motifs based on supramolecular and covalent 

designs have been developed, which demonstrated varying degrees of success in organizing 

nanoscale structures in a predictable fashion.
3, 4

 In recent years, there have been efforts to extend 

the use of these two-dimensional supramolecular structures to develop three-dimensional 

systems by incorporating functional molecules into the molecular frameworks. This “platform 

approach” has been demonstrated by self-assembled monolayers of molecular building blocks 

such as triazatriangulenium derivatives
5-10

 and Janus tectons
11-13

 (see Chapter 1) that were shown 

to support functional molecules such as porphyrins, ferrocene, and fullerene above the self-

assembled monolayers in well-ordered arrays. However, the variation in 2D packing 

arrangements exhibited by monolayers of these two classes of molecules is currently limited. 

Due to the known synthetic modularity of metalloporphyrins, which allows for the incorporation 

of structure-directing peripheral substituents, our group has investigated the hypothesis this class 

of compounds can be used as molecular building blocks to achieve greater 2D proximity control 

in 3D structures.
14
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In Chapter 2, the organization of oligo-phenylene-ethynylene (OPE) molecular wires 

perpendicular to a HOPG surface using gallium(III) 5,10,15,20-tetra(n-C10H21)porphyrins 

(Ga(TC10P)(OPE)) as molecular platforms was reported. Scanning tunneling microscopy (STM) 

studies revealed that the introduction of tall axial pillars did not interrupt the formation of self-

assembled monolayers with the porphyrin molecular platforms oriented parallel to the surface, 

and that this class of molecules consistently form large molecular assemblies with long-range 

order. The Ga(TC10P)(OPE) derivatives formed the same lamellar packing geometry despite 

observations of structural polymorphism (depending on the length of the axial ligand) upon 

initial formation of self-assembled structures, a phenomenon that was allowed by the 

conformational flexibility of peripheral alkyl chains.
15-18

  

Although these results suggested that Ga(TC10P)X compounds with axial ligands 

supported through the Ga-acetylide linkage represent suitable molecular building blocks for 

patterning functional molecules on atomically flat substrates, additional ligand-attachment 

chemistry was explored in order to expand the scope of functional molecules that could be 

incorporated as axial subunits. Inspired by literature reports of metalloporphyrins with axial 

aryloxide [M(Por)(OR)n] and carboxylate [M(Por)(O2CR)n] ligands (n = 1: Al,
19-26

 In;
27

 n = 2: 

Ge,
28, 29

 Sn
29-34

), a series of novel Ga-porphyrin complexes with axial ligands bound through Ga-

carboxylate and Ga-aryloxide subunits was prepared (Scheme 4.2), as described in Chapter 3 

The selection of axial ligands was motivated by the desire to controllably pattern functional 

molecules which have been commonly used as components of photonic devices,
35-37

 molecular 

switches,
38, 39

 light-harvesting systems,
40

 and molecular electronic devices.
41
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Scheme 4.1. Molecular structures (left to right, top to bottom) of Ga(TC10P)(OPh), 

[Ga(TC10P)(OC6H4py)][PF6], Ga(TC10P)(FME), Ga(TC10P)(O2CPh), Ga(TC10P)(O2CFc), and 

Ga(TC10P)(O2CC6H4pyrC60). 

 In this chapter, the self-assembly of Ga(TC10P)(OR) and Ga(TC10P)(O2CR) complexes at 

the 1-phenyloctane/HOPG is reported. STM investigations revealed that while the two classes of 

compounds could form self-assembled structures on HOPG, their self-assembling behaviors 

were drastically affected by the axial ligands. It was found that only Ga(TC10P)(OPh) and 

[Ga(TC10P)(OC6H4py)][PF6] formed monolayers with structures similar to those of the 

Ga(TC10P)Cl and Ga(TC10P)(OPE) monolayers described in Chapter 2; all other complexes form 

monolayers that exhibited structural arrangements that were previously uncharacterized for 

TC10P-based complexes, showing the range of 2D structural variations that can be achieved 

using the TC10P molecular platform. 
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4.2. Experimental Section 

4.2.1. Materials and General Methods. All synthetic procedures were carried in air at 

room temperature unless noted otherwise. Toluene was purified by passing it under nitrogen 

pressure through an anaerobic, stainless-steel system consisting of one column of activated A2 

alumina and one column of activated BASF R3-11 catalyst.
42

 Heptadecanal was prepared by the 

oxidation of 1-heptadecanol (Fisher, 97%) using pyridinium chlorochromate as the oxidant 

following standard procedures.
43

 The preparation and characterization of Ga(TC10P)(OH), 

Ga(TC10P)(OPh), Ga(TC10P)(FME), [Ga(TC10P)(OC6H4py)][PF6], Ga(TC10P)(O2CPh), 

Ga(TC10P)(O2CFc), and Ga(TC10P)(O2CC6H4pyrC60) were reported in Chapter 3. All other 

solvents, compounds, and reagents were obtained from commercial sources and used as received. 

4.2.2. Characterization of Compounds. 
1
H NMR spectra were recorded at room 

temperature using a Bruker DRX 400 MHz or Bruker Avance II
+
 500 MHz NMR spectrometer. 

Chemical shifts for all 
1
H NMR spectra were measured relative to solvent residual resonances.

44
   

4.2.3. Preparation of H2TC16P. The preparation of this compound was adapted from the 

reported procedure for the synthesis of 5,10,15,20-tetra(n-C7H15)porphyrin.
45

 In a round-bottom 

flask (1 L) fitted with a Dean-Stark trap and condenser, a solution of  heptadecanal (4.40 g, 17.3 

mmol), pyrrole (1.16 g pyrrole, 17.2 mmol), and TsOH∙H2O (0.060 g, 0.32 mmol) in toluene 

(500 mL) was stirred and heated at reflux in the dark for 2 h under nitrogen. The reaction was 

allowed to cool to room temperature and opened to air. 2,3,5,6-Tetrachloro-1,4-benzoquinone 

(2.04 g, 8.29 mmol) was added, and the reaction mixture was heated at reflux for 30 min. The 

reaction mixture was allowed to cool to room temperature, and the volatile components were 

removed in vacuo. The resulting residue was purified by column chromatography over silica 

(hexanes/CH2Cl2, 2:1). The purple band was collected, and the volatile components were 
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removed in vacuo. The resulting brown solid was dissolved in CH2Cl2 (5 mL), and the product 

was precipitated as a brown solid by layering the CH2Cl2 solution with methanol (40 mL) 

overnight, collected via filtration and dried under vacuum (0.105 g, 0.087 mmol, 2% yield). The 

1
H NMR spectrum of the product indicated the presence of a porphyrinic impurity (~7%), which 

was identified by chemical shifts at 9.33 ppm (s) and –2.64 ppm (s), the latter of which 

corresponded to a porphyrin NH resonance. The material was used for the preparation of 

Ga(TC16P)(OH) without further purification. The chemical shifts in the 
1
H NMR spectrum 

obtained in CDCl3 did not agree with literature values and are listed below.
18

 
1
H NMR (CDCl3, 

500.13 MHz): δ 9.38 (s, 8H, β), 4.85 (t, 8H, CH2CH2CH2Por), 2.43 (m, 8H, CH2CH2CH2Por), 

1.72 (m, 8H, CH2CH2CH2Por), 1.35–1.50 (m, 8H, CH3(CH2)11CH2), 1.00–1.35 (m, 88H, 

CH3(CH2)11CH2), 0.79 (t, 12H, CH3), –2.72 (NH). Literature values for 
1
H NMR (CDCl3, 300 

MHz):
18

 δ 9.46 (s, 8H, β), 4.92 (t, 8H, CH2CH2CH2Por), 2.52 (m, 8H, CH2CH2CH2Por), 1.81 (m, 

8H, CH2CH2CH2Por), 1.20–1.43 (m, 80H, CH3(CH2)11CH2), 0.87 (t, 12H, CH3), –2.65 (NH). 

4.2.4. Preparation of Ga(TC16P)(OH). This procedure was adapted from that reported 

for the preparation of Ga(OEP)Cl
46

 and Ga(TC10P)(OH). A solution of H2TC16P (0.105 g, 0.087 

mmol), GaCl3 (0.023 g, 0.131 mmol), and NaOAc (0.200 g, 2.44 mmol) in glacial acetic acid (20 

mL) was refluxed overnight under nitrogen, during which the color of the reaction mixture 

turned from dark green to dark purple. The reaction mixture was opened to air and cooled to 

room temperature, which resulted in the precipitation of the crude product as a purple solid. The 

precipitate was collected via filtration, washed with cold glacial acetic acid (5 mL) and water (10 

mL), extracted into toluene, and filtered. The volatile components were removed in vacuo, and 

the resulting purple solid was dissolved in CH2Cl2 (20 mL). A 2N NaOH solution (20 mL) was 

added, and the resulting solvent layers were stirred vigorously to form an emulsion for 1 h. The 
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organic layer was isolated, washed with water, and dried with NaSO4. The product was isolated 

as a purple solid upon removal of volatile components in vacuo (0.087 g, 0.067 mmol, 77% 

yield). The 
1
H NMR spectrum of the product showed the presence of a porphyrinic impurity 

(~7%), which was identified by chemical shifts at 9.51 ppm (s) and –6.38 ppm (s); the chemical 

shift at –6.38 ppm indicated that the porphyrinic impurity contained an axial OH ligand and was 

expected to be reactive towards FME-H. The material was used for the preparation of 

Ga(TC16P)(FME) without further purification. 
1
H NMR (C6D6, 500.13 MHz): δ 9.54 (s, 8H, β), 

4.79 (t, 8H, CH2CH2CH2Por), 2.54 (m, 8H, CH2CH2CH2Por), 1.72 (m, 8H, CH2CH2CH2Por), 

1.41–1.52 (m, 8H, CH3(CH2)11CH2), 1.19–1.41 (m, 88H, CH3(CH2)11CH2), 0.92 (t, 12H, CH3), –

6.44 (OH). 

4.2.5. Preparation of Ga(TC16P)(FME). To a solution of Ga(TC16P)(OH) (0.087 g, 

0.067 mmol) in toluene (15 mL), FME-H (0.030 g, 0.086 mmol) was added to form a suspension. 

The reaction mixture was stirred for 1.5 h, during which the solution color changed from purple 

to red. The solvent was then filtered to remove the unreacted FME-H. The product was isolated 

as a red-purple solid after the removal of volatile components in vacuo (0.097 g, 0.060 mmol, 

90% yield). 
1
H NMR (C6D6, 400.13 MHz): δ 9.51 (s, 8H, β), 7.99 (d, 1H, J = 7.2 Hz, H15 or 

H18), 6.75–6.90 (m, 2H, H16, H17), 6.65 (br s, 1H), 6.55 (br s, 1H), 6.40 (br s, 1H), 6.22 (d, 1H, 

J = 8.4 Hz, H15 or H18), 5.33 (br s, 1H), 4.73 (t, 8H, CH2CH2CH2Por), 2.98 (s, 3H, OCH3), 2.54 

(m, 8H, CH2CH2CH2Por), 2.08 (br s, 1H), 1.71 (m, 8H, CH2CH2CH2Por), 1.52 (m, 8H, 

CH3(CH2)11CH2), 1.15–1.47 (m, 88H, CH3(CH2)11CH2), 0.92 (t, 12H, CH3); one of the six 

xanthene proton resonances was not observed. The disappearance of the OH resonance of the 

porphyrinic impurity observed at –6.38 ppm in the Ga(TC16P)(OH) 
1
H NMR spectrum indicated 
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its reaction with FME-H to form a dyad, although chemical shifts attributed to the impurity could 

not be observed, most likely due to spectral overlap with the Ga(TC16P)(FME) resonances.  

4.2.6. Sample Preparation for STM Experiments. Highly oriented pyrolytic graphite 

(HOPG) wafers (SPI-2 grade, SPI Supplies) measuring 7 mm  7 mm  1 mm were mounted to 

12 mm diameter metal specimen discs with colloidal silver paste (PELCO, Ted Pella, Inc.). The 

surface of the HOPG substrate was cleaved with adhesive tape immediately prior to dosing. For 

STM experiments, one drop of a solution of the porphyrin compound in 1-phenyloctane was 

deposited HOPG with syringe equipped with a 25-guage needle (Ga(TC10P)(OPh): 2.0  10
–4

 M, 

5.0  10
–4

 M; [Ga(TC10P)(OC6H4py)][PF6]: 5.0  10
–4

 M; Ga(TC10P)(FME): 2.5  10
–5

 M, 7.5  

10
–4

 M, 1.5  10
–3

 M, 5.0  10
–3

 M; Ga(TC16P)(FME): 2.0  10
–4

 M, 5.0  10
–4

 M, 7.5  10
–4

 M;  

Ga(TC10P)(O2CPh): 1.0  10
–4

 M;  Ga(TC10P)(O2CFc), 5.0  10
–5

 M, 1.0  10
–4

 M;  

Ga(TC10P)(O2CC6H4pyrC60), 5.0  10
–5

 M, 1.0  10
–4

 M, 2.0  10
–4

 M). The STM tip was then 

engaged through the drop and the sample was imaged. 

4.2.7. STM Measurements and Data Analysis. STM images were acquired at room 

temperature using a Digital Instruments Nanoscope IIIa standalone STM. The Pt0.8Ir0.2 tips were 

mechanically cut from a Pt/Ir (80/20) wire (Goodfellow). All measurements were performed in 

constant current mode. The data were corrected for drift post-acquisition in the SPIP software 

package
47

 using the underlying graphite lattice parameters (a = b = 0.246 nm, Γ = 60°) as a 

reference.
48

 Data analysis was performed using WSxM 5.0 software.
49

 
 
All of the images 

presented were flattened, low-pass filtered, and sharpened by adjusting the contrast. Reported 

lattice parameters are averages of those determined from consecutive up-scan and down-scan 

images. For samples that were characterized by a single unit cell, the unit-cell distances were 

determined from spacings within 100 sets of five consecutive porphyrin molecules, and the unit-
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cell angles were determined from the average of 40 measurements. For samples that exhibited 

the alternating unit cell arrangement [Ga(TC10P)(O2CPh), Ga(TC10P)(O2CFc)], the unit-cell-

distances were the averages of 100 measurements of the porphyrin center-to-center distances, 

and the unit-cell angles were the average of 40 measurements. 

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

using Gaussian09.
50

 Calculations employed the B3P86 functional,
51, 52

 which was determined by 

a previous density functional benchmarking study to provide the best agreement between the 

calculated and experimentally determined molecular structures of Ga(octaethylporphyrin)Cl.
53

 

The calculations were performed for the 5,10,15,20-tetramethylporphyrin derivatives of the 

Ga(TC10P)(O2CR) complexes. The LANL2DZ effective core potential basis set was used for 

Ga
54

 and Fe
55

 while the 6-31G* basis set
56, 57

 was used for all other atoms. Geometries were 

optimized without symmetry constraints. No imaginary frequencies were obtained in subsequent 

vibrational calculations, confirming that the optimized structures reside at potential-surface 

minima. 

4.3. Results and Discussion 

4.3.1. STM Imaging of Ga(TC10P)(OPh) at the 1-Phenyloctane/HOPG Interface. The 

self-assembly of Ga(TC10P)(OPh) monolayers at the 1-phenyloctane/HOPG interface was 

studied in order to provide a reference point for [Ga(TC10P)(OC6H4py)][PF6] and 

Ga(TC10P)(FME), whose axial ligands are attached through phenoxide-like linkages. Deposition 

of a 1-phenyloctane solution of Ga(TC10P)(OPh) onto HOPG results in formation of self-

assembled monolayers that span hundreds of nanometers in width, as exemplified by 100 nm  

100 nm STM images (Figure 4.1, 5.0  10
–4 

M; Figure 4.2, 2.0  10
–4 

M). Small-scale images of 

the self-assembled monolayers show that the absorbed molecules are arranged in a highly 
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ordered lattice. The adsorbed molecules appear as bright but diffuse features that are separated 

by dark regions, which are attributed to areas occupied by decyl chains at the porphyrin 

periphery. The Ga(TC10P)(OPh) monolayers adopt the β packing structure at both 

concentrations, with statistically indistinguishable lattice parameters (5.0  10
–4 

M: a = 1.64 ± 

0.05 nm, b = 2.14 ± 0.04 nm, Γ = 69 ± 3°; 2.0  10
–4 

M: a = 1.64 ± 0.04 nm, b = 2.17 ± 0.03 nm, 

Γ = 70 ± 2°; Table 4.1), and there is no noticeable difference in surface coverage by the 

monolayers at the two concentrations. This is the same structure found for Ga(TC10P)Cl, but 

different from that for Ga(TC10P)(OPE) (α lattice). Samples prepared at both concentrations are 

monitored for 2 h for possible phase transitions and structural polymorphism; neither is 

observed. 

   

 

Figure 4.1. STM images and cross-sectional profile of a monolayer of Ga(TC10P)(OPh) on 

HOPG at the solid–liquid interface (1-phenyloctane, 5.0 × 10
-4

 M; I = 7 pA, V = –1000 mV). The 

cross-sectional profile corresponds to the teal line in the image, drawn along the b lattice vector. 
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Figure 4.2. STM images of a monolayer of Ga(TC10P)(OPh) on HOPG at the solid–liquid 

interface (1-phenyloctane, 2.0 × 10
-4

 M; I = 6 pA, V = –950 mV).  

Table 4.1. Lattice Parameters of Monolayers of Ga(TC10P)(OR) Complexes at the 1-

Phenyloctane/HOPG Interface.
a
 

Compound (lattice) Conc.  

(10
-4

 M) 

a (nm) b (nm) Γ (°) A (nm
2
) density 

(molecules/nm
2
) 

H2TC10P (α)
b
 7.5  1.37(4) 1.75(5) 86(2) 2.39(14) 0.42 

Ga(TC10P)Cl (β)
b
 7.5 1.71(3) 2.09(4) 70(2) 3.36(17) 0.30 

Ga(TC10P)(OPh) (β) 2.0 1.64(5) 2.14(4) 69(3) 3.28(23) 0.31 

5.0 1.64(4) 2.17(3) 70(2) 3.34(17) 0.30 

[Ga(TC10P)(OC6H4py)][PF6] (α) 5.0  1.36(6) 1.75(3) 85(2) 2.37(15) 0.42 

a 
Values in parentheses are standard deviations of the last digit(s). 

b
 Representative examples of 

observed packing structures; see Chapter 2 for the definition of the α and β lattices. 

As shown by the cross-sectional profile in Figure 4.1, the apparent height of 

Ga(TC10P)(OPh) monolayers ranges from ~1 Å to 1.5 Å, which is shorter than the calculated 

height of ~8.7 Å. The discrepancy between apparent and physical heights has been observed for 

metalloporphyrin complexes with multi-atom axial ligands,
53, 58, 59

 and is attributed to the poor 

electronic coupling between the ligand and the porphyrin macrocycle since the apparent height is 

directly correlated to the local tunneling probability.
60, 61

 The observation of the molecules as 

diffuse features is expected since the STM imaging process (on the order of seconds) is orders of 
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magnitude slower than typical molecular rotations at room temperature (on the order of 

picoseconds),
62

 hence a molecule that freely rotates can only be imaged as the time average of 

the various rotation configurations.
63

 

4.3.2. STM Imaging of [Ga(TC10P)(OC6H4py)][PF6] at the 1-Phenyloctane/HOPG 

Interface. Due to the unusual solubility of the salt [Ga(TC10P)(OC6H4py)][PF6] in hydrocarbon 

solvents such as benzene and toluene (see Chapter 3), 1-phenyloctane was successfully used to 

prepare STM solutions of this complex. Addition of a drop of 5.0  10
–4 

M solution results in 

self-assembled monolayers that cover areas of hundreds of nanometers in width, as shown by 

STM imaging (Figure 4.3). The monolayers are persistent, with no observable disruptions in the 

structure or structural transformations during the scanning process. The structure is characterized 

by alternating rows of bright features that are separated by dark rows, which is indicative of a 

lamellar structure (see Chapter 1). Analysis of the lattice shows that the packing geometry 

conforms to the α structure with lattice parameters a = 1.36 ± 0.06 nm, b = 1.75 ± 0.03 nm, Γ = 

85 ± 2° (Table 4.1), which is in contrast to the β lattice exhibited by Ga(TC10P)(OPh). The 

difference in packing arrangement is likely due to a difference between molecule-solvent 

interactions. Tahara et al. has previously investigated the self-assembly of 

dehydrobenzo[12]annulene derivatives containing long-alkyl-chain substituents on HOPG at the 

solid–liquid interface, where self-assembled monolayers formed from solutions prepared in 

“poor solvents,” in which the molecules had lower solubility, resulted in structures with higher 

packing densities.
64

 Since [Ga(TC10P)(OC6H4py)][PF6] contains a charged axial ligand, the 

higher packing density of [Ga(TC10P)(OC6H4py)][PF6] monolayers can potentially be a result of 

increased solvophobic effects, which favors the formation of denser molecular assemblies.  
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Figure 4.3. STM images and cross-sectional profile of a [Ga(TC10P)(OC6H4py)][PF6] monolayer 

on HOPG at the solid–liquid interface (1-phenyloctane, 5.0 × 10
-4

 M; left: I = 7 pA, V = –500 

mV; right: I = 7 pA, V = –700 mV). The cross-sectional profile corresponds to the teal line in the 

image, drawn along the b lattice vector. 

Similar to Ga(TC10P)(OPh), adsorbed molecules of [Ga(TC10P)(OC6H4py)][PF6]  appear 

as bright but diffuse spots that exhibit an apparent height range of 1.5–2 Å. While the dyad 

contains the electroactive pyridinium moiety on the axial ligand, the conductance of electroactive 

molecules adsorbed on atomically flat surfaces has been shown to be highly dependent on bias 

voltage. Tao et al. has previously studied self-assembled monolayers of Fe-protoporphyrin IX 

(FePP) and free-base protoporphyrin IX (PP) on HOPG using electrochemical STM, where the 

monolayers were imaged at a fixed tip-substrate potential while the substrate potential was 

varied.
65

 In mixed monolayers of FePP and PP, the two components were structurally identical 

when the substrate was held far from the electron transfer reaction potential of FePP, but the 

apparent heights of FePP molecules showed an increase of up to ~2.2 Å when the substrate 
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potential was adjusted to a value close to the reduction potential of FePP; the increase in 

apparent height corresponded to a ten-fold increase in tunneling current. The PP molecules, 

which had molecular orbitals with energy levels far from the substrate and tip Fermi levels and 

also lacked the Fe(III) metal centers that provided unoccupied orbitals in the HOMO-LUMO gap, 

did not respond to the change in substrate potential and hence remained as low contrast features 

in STM images. These observations revealed that STM could be used to distinguish molecules 

based on different redox properties, and also that the size of the tunneling current through 

electroactive molecules was bias-dependent. The small apparent heights observed for 

[Ga(TC10P)(OC6H4py)][PF6] can therefore be attributed to a mismatch between the STM tip 

potential and the redox-potential of the dyad molecules on the surface.   

4.3.3. STM Imaging of Ga(TC10P)(FME) at the 1-Phenyloctane/HOPG Interface. 

Monolayers of Ga(TC10P)(FME) on HOPG differ significantly from those of other 

Ga(TC10P)(OR) complexes, both in terms of the concentration at which they are observed and 

the homogeneity and lattice parameters of its structure. A 7.5 × 10
-4

 M Ga(TC10P)(FME) 

solution in 1-phenyloctane was initially used to prepare STM samples on HOPG because the 

higher solution concentration was expected to facilitate the formation of self-assembled 

monolayers on the surface, as shown by the consistent formation of Ga(TC10P)(OPE) 

monolayers with long-range order at the same solution concentration (see Chapter 2). STM 

scanning of the samples, however, does not reveal the formation of ordered porphyrin 

monolayers but instead provides images that are difficult to interpret; the quality of the images 

do not allow for the clear distinction between bare graphite and multilayered, amorphous films. 

Subsequent attempts to prepare porphyrin monolayers using solutions of increasing dyad 

concentration (1.5 × 10
-3 

M, 5.0 × 10
-3 

M) resulted in the same observations. 
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Reducing the concentration of the Ga(TC10P)(FME) solution to 2.5 × 10
-5

 M results in the 

formation of ordered monolayers spanning tens of nanometers in width.  Multiple domains and 

structural polymorphism are observed; Figure 4.4 shows a region in which seven separate islands 

(highlighted by white borders), represented by three types of packing structures (labeled as I, II, 

III in Figure 4.4), can be identified. While each domain is periodic, by eye, the adsorption 

configurations (e.g., the orientation of the porphyrin core with respect to the substrate) that 

resulted in these packing arrangements are indeterminate due to the repeating units exhibiting 

shapes and substructures that are uncharacteristic of porphyrin molecules adsorbed with the 

heterocyclic cores parallel to the substrate. Specifically, in the type I lattice, the “boomerang-

shaped” repeating units can be subdivided into four parallel stripes; the type II lattice appears to 

be a close packed arrangement of alternating bright and dark dots which are separated by a 

distance of ~1 nm; and the type III lattice appears to either consist of columns of bright discs 

separated by a distance of ~1 nm, commonly attributed to porphyrins adsorbed in the “edge-on” 

configuration (shown in red),
66, 67

 or an array of molecules imaged as pairs of bright lobes 

(shown in green). Since the monolayers are gradually disrupted by STM imaging within minutes, 

further attempts to elucidate the nature of the observed features or to reproduce the results with 

samples prepared under the same experimental conditions are unsuccessful.  
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Figure 4.4. STM images of Ga(TC10P)(FME) monolayers on HOPG at the solid–liquid interface 

(1-phenyloctane, 2.5 × 10
-5

 M; I = 6 pA, V = –300 mV). Possible substructures of the repeating 

units in each lattice are highlighted in the STM images. 

Since the use of higher solution concentrations has been shown to result in the formation 

of CuTC11P monolayers with higher packing densities,
15

 the observation of ordered 

Ga(TC10P)(FME) domains at 2.5 × 10
-5

 M but not at 7.5 × 10
-4

 M, 1.5 × 10
-3 

M, nor 5.0 × 10
-3 

M 

is unexpected. However, the absence of ordered domains in samples prepared at higher 

concentrations can potentially be a result of the formation of multilayered, amorphous structures 

on HOPG due to the rapid deposition of molecules from solution, which can be a kinetically 
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favorable phenomenon caused by low solubility.
68

 To probe this possibility, and to address the 

problem that stable structures of Ga(TC10P)(FME) could not be prepared, TC16P was 

investigated as an alternate platform. In a recent computational study by Reimers et al., where 

the chain-length dependence of TCmP molecules was investigated, the authors found that an 

increase in chain length should increase the free energy of self-assembled monolayer formation, 

as well as reduce the number of energetically similar polymorphs; the adsorption of multiple 

energetically similar polymorphs was noted to hinder the formation of stable monolayers with 

long-range order.
17

 Based on this report, we hypothesized that an increase in alkyl chain length 

of the porphyrin platform should facilitate the self-assembly of the Ga-porphyrin-FME dyad by 

reducing the number of energetically similar polymorphs and increasing the free energy of self-

assembled monolayer formation.  

The compound Ga(TC16P)(FME) was prepared using similar methods to those for 

Ga(TC10P)(FME). Unfortunately, the compound could not be prepared in pure form (due to an 

impurity in the H2TC16P starting material); thus, the STM results and conclusions drawn must be 

considered tentative, and the experiments would need to be repeated in future with pure material 

to verify them. Solutions of Ga(TC16P)(FME) with concentrations of 5.0 × 10
-4

 M and 7.5 × 10
-4

 

M in 1-phenyloctane yield no self-assembled monolayers on HOPG, which is consistent with the 

experimental results for Ga(TC10P)(FME) at the same concentrations. Reduction of the solution 

concentration to 2.0 × 10
-4 

M results in the formation of self-assembled monolayers with small 

domain sizes (~30–80 nm in width), which are characterized by bright, diffuse features separated 

by darker regions, as shown in Figure 4.5. The appearance of the adsorbed molecules, as well as 

the short apparent heights (as shown in the cross-sectional profile), are characteristic of 

monolayers formed by metalloporphyrins with multi-atom axial ligands.
53, 58, 59

 While the 



153 
 

presence of multiple domains is apparent, they exhibit the same packing structure defined by the 

lattice parameters a = 2.01 ± 0.05 nm, b = 2.33 ± 0.06 nm, Γ = 81 ± 2°; these are statistically 

indistinguishable from the lattice parameters of H2TC16P monolayers at the 1-

phenyloctane/HOPG interface.
18

 Compared to Ga(TC10P)(FME), Ga(TC16P)(FME) is able to 

form monolayers with ordered, stable structures with a single packing geometry at a higher 

concentration, which shows that the axial-ligand-induced effects in self-assembling behavior can 

indeed be mitigated by changes in the peripheral substituents of the porphyrin core. 

   

 

Figure 4.5. STM images and cross-sectional profile of Ga(TC16P)(FME) monolayers on HOPG 

at the solid–liquid interface (1-phenyloctane, 2.0 × 10
-4

 M; left: I = 8 pA, V = –700 mV; right: I = 

10 pA, V = –600 mV). The cross-sectional profile corresponds to the teal line in the image, 

drawn along the a lattice vector. 
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4.3.4. STM Imaging of Ga(TC10P)(O2CPh) and Ga(TC10P)(O2CFc) at the 1-

Phenyloctane/HOPG Interface. Similar to Ga(TC10P)(OPh), Ga(TC10P)(O2CPh) served as the 

model compound for Ga-porphyrin complexes with axial carboxylate ligands. Samples were 

prepared by depositing a drop of a 1.0 × 10
-4

 M solution of these complexes in 1-phenyloctane 

onto HOPG. A representative large-scale image of Ga(TC10P)(O2CPh) is shown in Figure 4.6, 

where an ordered monolayer spanning widths of ~80 nm is observed. In contrast to 

Ga(TC10P)(OPh), which only forms monolayers with the β structure, Ga(TC10P)(O2CPh) 

consistently self-assembled into structures that are formed by alternating rows of two different 

unit cells. The smaller of the two unit cells (denoted as γ) is defined by lattice parameters a = 

1.32 ± 0.08 nm, b = 1.69 ± 0.04 nm, Γ = 64 ± 3°, and the larger unit cell (denoted as δ) is defined 

by lattice parameters a = 1.69 ± 0.04 nm, b = 1.89 ± 0.10 nm, Γ = 73 ± 4° (Table 4.2). This 1:1 

alternating arrangement, highlighted in the small scale image in Figure 4.6, persists without 

disruption throughout entire domains, and does not change during observations made over a 2 h 

period. These observations contrast with those for the self-assembled monolayers of 

Ga(TC10P)(p-CCC6H4CCCPh) and Ga(TC10P)(4,4′-CCC6H4CCC6H4CCPh) described in Chapter 

2. Shortly following deposition, monolayers of the Ga(TC10P)(OPE) derivatives showed domains 

containing alternating structures consisted of α and β unit cells, but after 2 h only α domains 

were observed.  This suggests that the alternating cell arrangement is a kinetic structure for the 

Ga(TC10P)(OPE) compounds, and that the α structure is the thermodynamically stable form. For 

Ga(TC10P)(O2CPh), in contrast, the alternating structure appears to be stable. 
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Figure 4.6. STM images and cross-sectional profile of a Ga(TC10P)(O2CPh) monolayer on 

HOPG at the solid–liquid interface (1-phenyloctane, 1.0 × 10
-4

 M; left: I = 8 pA, V = –1050 mV; 

right: I = 10 pA, V = –1200 mV). Exposed graphite is seen in the upper right and bottom left 

corners of the left-hand image. The cross-sectional profile corresponds to the teal line in the 

image, drawn along the b lattice vector of the γ unit cell (the a lattice vector of the δ unit cell). 
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Table 4.2. Lattice Parameters of Monolayers of Ga(TC10P)(O2CR) at the 1-Phenyloctane/HOPG  

Interface.
 a
 

Compound (lattice) Conc.  

(10
-4 

M) 

a (nm) b (nm) Γ (°) A (nm
2
) density 

(molecules/nm
2
) 

H2TC10P (α) 7.5 1.37(4) 1.75(5) 86(2) 2.39(14) 0.42 

Ga(TC10P)Cl (β) 7.5 1.71(3) 2.09(4) 70(2) 3.36(17) 0.30 

Ga(TC10P)(O2CPh) (γ) 

(δ) 

1.0 1.32(8) 1.69(4) 64(3) 2.01(22) 0.50 

1.69(4) 1.89(10) 73(4) 3.05(30) 0.33 

Ga(TC10P)(O2CFc) (γ) 

(δ) 

0.5 1.33(7) 1.78(5) 63(3) 2.11(23) 0.47 

1.78(5) 1.96(10) 71(3) 3.30(32) 0.30 

Ga(TC10P)(O2CFc) (γ) 

(δ) 

1.0 1.34(8) 1.72(3) 63(3) 2.05(21) 0.49 

1.72(3) 1.89(10) 72(4) 3.09(29) 0.32 

Ga(TC10P)(O2CC6H4pyrC60) (δ) 1.0 1.75(3) 1.88(4) 68(2) 3.05(16) 0.33 

2.0 1.74(3) 1.88(2) 68(2) 3.03(13) 0.33 

a 
Values in parentheses are standard deviations of the last digit(s). 

Based on the approximation of the surface contact area of a TC10P-containing complex, 

discussed in Chapter 2, it was determined that the maximum contact areas for TC10P complexes 

with two and all four decyl side chains fully extended and lying flat on the surface are ~2.2 nm
2 

and
 
~3.4 nm

2
, respectively, hence the α (unit cell area = ~2.4 nm

2
) and β (unit cell area = ~3.4 

nm
2
) unit cells were expected to accommodate the adsorption of two and four fully extended 

decyl chains. The areas occupied by the γ (~2.0 nm
2
) and δ (3.0 nm

2
) unit cells, however, are 

smaller than the maximum contact areas approximated for TC10P-containing complexes and thus 

are not expected to allow for the adsorption of two and four fully extended decyl chains. This 

indicates that in addition to the solvation of alkyl side chains, the molecular configurations of 

adsorbed Ga(TC10P)(O2CPh) and Ga(TC10P)(O2CFc) likely involve the folding and overlaying of 

alkyl chains on top of interdigitated alkyl chains that are adsorbed on the substrate. These 

phenomena have been suggested by Coenen, et al. in their investigations on CuTC11P 

monolayers at the 1-octanoic acid/HOPG interface, where STM imaging revealed contrast 
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variations between regions where alkyl chains were expected to overlap and regions occupied 

only by alkyl chains directly adsorbed on HOPG.
16

  

The formation of CuT11P monolayers characterized by an alternating packing structure is 

also a known phenomenon.
15, 16

 CuTC11P has been reported to form self-assembled structures at 

the 1-octanoic acid/HOPG interface that exhibited four distinguishable unit cells (“large” (L): l1 

= 1.74 ± 0.08 nm, l2 = 2.16 ± 0.09 nm, Γ = 76 ± 5°, A = 3.65 ± 0.30 nm
2
; “border” (B): b1 = 1.92 

± 0.09 nm, b2 = 2.05 ± 0.05 nm, Γ = 71 ± 4°, A = 3.72 ± 0.30 nm
2
; “medium” (M): m1 = 1.26 ± 

0.05 nm, m2 = 1.92 ± 0.09 nm, Γ = 79 ± 4°, A = 2.54 ± 0.12 nm
2
; “small” (S): s1 = 1.26 ± 0.05 

nm, s2 = 1.70 ± 0.15 nm, Γ = 68 ± 4°, A = 2.07 ± 0.16 nm
2
), where the L, M, and S polymorphs 

are favored at concentrations 10
-7

 M , 10
-4

 M , and >10
-3

 M; the alternating row arrangement, 

formed by a near 1:1 mixture of M and B cells, was favored at a solution concentration of 10
-6

 M. 

Therefore, the packing structure of Ga(TC10P)(O2CPh) monolayers can potentially vary as a 

function of concentration, where an increase in concentration can result in the formation of 

polymorphs with higher packing densities. Further STM experiments will be required to test this 

hypothesis. 

Self-assembled monolayers of Ga(TC10P)(O2CFc) are also characterized by an alternating 

unit cell arrangement when deposited on HOPG from solutions (1.0 × 10
-4

 M, 5.0 × 10
-4

 M; the 

latter concentration is relevant for the post-deposition modification studies discussed in Chapter 

5) in 1-phenyloctane. At both concentrations, the monolayers span hundreds of nanometers in 

width, as shown by a representative images of Ga(TC10P)(O2CFc) monolayers in Figure 4.7 (1.0 

× 10
-4

 M) and Figure 4.8 (5.0 × 10
-4

 M), where complete surface coverage can be observed 

within 100 nm × 100 nm regions of the samples. Despite the similar surface coverage at the onset 

of STM imaging, monolayers prepared from 5.0 × 10
-4

 M solutions are not persistent; this is 



158 
 

shown by a comparison between images of the same scan region recorded 15 minutes apart, 

where the reduction in domain size can be observed (Figure 4.9). Structural analysis (Table 4.2) 

reveals that the monolayers consist of alternating γ (1.0 × 10
-4

 M: a = 1.34 ± 0.08 nm, b = 1.72 ± 

0.03 nm, Γ = 63 ± 3°; 5.0 × 10
-5

 M: a = 1.72 ± 0.03 nm, b = 1.89 ± 0.10 nm, Γ = 72 ± 4°) and δ 

(1.0 × 10
-4

 M: a = 1.72 ± 0.03 nm, b = 1.89 ± 0.10 nm, Γ = 72 ± 4°; 5.0 × 10
-5

 M: a = 1.78 ± 0.05 

nm, b = 1.96 ± 0.10 nm, Γ = 71 ± 3°) unit cells, which is identical to the packing geometry of 

Ga(TC10P)(O2CPh) monolayers.  

   

 
Figure 4.7. STM images and cross-sectional profile of Ga(TC10P)(O2CFc) monolayers on HOPG 

at the solid–liquid interface (1-phenyloctane, 1.0 × 10
-4

 M; I = 7 pA, V = –950 mV). The cross-

sectional profile corresponds to the teal line in the image, drawn along the b lattice vector of the 

γ unit cell (the a lattice vector of the δ unit cell). 
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Figure 4.8. STM images of a Ga(TC10P)(O2CFc) monolayer on HOPG at the solid–liquid 

interface (1-phenyloctane, 5.0 × 10
-5

 M; I = 6 pA, V = –1200 mV). 

   

Figure 4.9. STM images of the same scan area of a Ga(TC10P)(O2CFc) monolayer on HOPG at 

the solid–liquid interface (1-phenyloctane, 5.0 × 10
-5

 M; I = 8 pA, V = –950 mV). (A) was 

obtained immediately after sample deposition; (B) was recorded 15 minutes later. Note the 

disruption of the porphyrin monolayer as a result of the scanning process, as evidenced by the 

bare graphite across the bottom of (B). 

Monolayers formed by Ga(TC10P)(O2CPh) and Ga(TC10P)(O2CFc) can be easily 

distinguished by their apparent heights. In the cross-sectional profile of a Ga(TC10P)(O2CPh) 

monolayer, the apparent height of the bright spots are ~1 Å, whereas the apparent height of 

Ga(TC10P)(O2CFc) is typically ~5–7 Å, which is consistently observed within the bias voltage 

range (–800 mV to –1200 mV) used to image monolayers of this complex. The greater apparent 
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height of Ga(TC10P)(O2CFc) is attributed to the molecular orbitals of the electroactive ferrocene 

moiety being energetically accessible under our STM imaging conditions.
65, 69

 In addition to the 

discrepancy in apparent heights, defects (~5% of the lattice) are consistently observed in 

Ga(TC10P)(O2CFc) monolayers, unlike Ga(TC10P)(O2CPh) monolayers which are observed to be 

defect-free despite the lower surface coverage. The presence of defects appears to have no effect 

on the packing structure, as evidenced by the lack of structural disorder in the vicinity of the 

defect sites. The defect sites exhibit apparent heights of ~1.5–2.0 Å, which suggests that they are 

not vacant; instead, these sites can potentially be filled by Ga(TC10P)(OH), which may be present 

as a trace impurity, or fully extended alkyl chains that would otherwise be solvated
70, 71

 or 

overlapped with other adsorbed alkyl chains if the sites were filled by Ga(TC10P)(O2CFc).
16

  

 In order to probe for possible generation of defects during the STM imaging process, 

consecutive images of the same scan area are analyzed. Figure 4.10a-d shows four consecutive 

images (Figures 4.10a,c: up scan; Figures 4.10b,d: down scan) that are recorded within a span of 

~2 min, and the defect sites are marked with red squares. Aside from the fuzzy features seen in 

the upper right corners of Figures 4.10b-d attributed to mobile molecules along the lattice edge, 

and two defect sites which are observed to move out of the scan area due to sample drift, it is 

apparent that there is no variation in the positions and numbers of defects across all four images, 

indicating that they are not generated by the imaging process. 
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Figure 4.10a-d. Consecutive STM images of a Ga(TC10P)(O2CFc) monolayer on HOPG at the 

solid–liquid interface (1-phenyloctane, 1.0 × 10
-4

 M; I = 7 pA, V = –950 mV). The defect sites 

are indicated by red squares. The edge of the lattice can be observed in the upper right corners of 

B–D. 

Further analysis is performed to identify possible causes for the difference between the 

packing arrangements of the two Ga(TC10P)(O2CR) complexes and those of Ga(TC10P)X 

compounds that exhibit the α and β structures. First, molecular models of both 

Ga(TC10P)(O2CPh) and Ga(TC10P)(O2CFc) arrays are constructed to elucidate the distances 

between the axial ligands when confined to the observed structural arrangements (Figure 4.11). 
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This was achieved by positioning the optimized structures of TMeP derivatives of the molecules 

(see Appendix B) using the unit cell parameters obtained the from STM images; the alkyl chains 

are omitted since their orientations are not determined from experimental observations. 

   

   

Figure 4.11. Molecular models representing proposed structures of Ga(TC10P)(O2CPh) (top left) 

and Ga(TC10P)(O2CFc) (top right) monolayers based on the observed unit cell parameters. The 

alkyl chains are omitted since their orientations are not observed; the rotational orientation of the 

porphyrin relative to the lattice vectors is not known. The corresponding STM images, expanded 

from the 25 nm × 25 nm STM images in Figures 4.6 and 4.7, are shown below the structural 

models. 

After positioning the dyads, the centroid-to-centroid distances between axial ligands are 

measured along the a lattice vector of the γ unit cell — the shortest observed porphyrin-to-
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porphyrin distance in the alternating structure — in order to probe for possible inter-ligand π–π 

stacking or C–H∙∙∙π interactions. For Ga(TC10P)(O2CPh), orienting the axial benzoate groups in 

the T-shaped configuration (Figure 4.12a) and in the face-to-face configuration (Figure 4.12b) 

provides centroid-to-centroid distances of ~12.4 Å and ~13.0 Å, respectively. For 

Ga(TC10P)(O2CFc), when the ferrocene ligands are in the face-to-face orientation (Figure 4.12c), 

the centroid-to-centroid distance between the unsubstituted Cp rings is ~7.5 Å. Since these 

values are all greater than the length-scale required for π–π stacking (3.54 Å) and C–H∙∙∙π 

interactions (4.96 Å), we conclude that the alternating lattice structure is not induced by these 

particular intermolecular interactions between axial ligands.
72

 Given that the steric and electronic 

characteristics of the Fc and Ph R groups are quite different, it seems more likely that the 

common structure is a consequence of the carboxylate OCO unit. One speculative possibility, 

which would require further theoretical and experimental work to probe, is that the arrangement 

is in some way related to the C=O dipole. 
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Figure 4.12. Molecular models showing various axial ligand orientations: (A) Ga(TMeP)(O2CPh) 

molecules with the axial ligands oriented in the T-shaped configuration; (B) Ga(TMeP)(O2CPh) 

molecules with the axial ligands oriented in the face-to-face configuration; (C) 

Ga(TMeP)(O2CFc) molecules with the axial ligands oriented in the face-to-face configuration. 

The molecules are placed along the a lattice vector of the γ unit cell. The values represent 

centroid-to-centroid distances between the phenyl groups of Ga(TMeP)(O2CPh), and the 

centroid-to-centroid distance between the Cp groups of Ga(TMeP)(O2CFc). 
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4.3.5. STM Imaging of Ga(TC10P)(O2CC6H4pyrC60) at the 1-Phenyloctane/HOPG 

Interface. Deposition of one drop of a 1.0  10
–4

 M solution Ga(TC10P)(O2CC6H4pyrC60) in 1-

phenyloctane on HOPG results in the formation of well-ordered self-assembled monolayers 

spanning tens of nanometers in width (Figure 4.13). Although exposed graphite and defects 

within the lattices are observed, the Ga(TC10P)(O2CC6H4pyrC60) monolayers are stable towards 

STM imaging, with no noticeable removal of adsorbed molecules after over 50 scans of the same 

region. Instead of the alternating unit cell structure formed by the previously discussed 

Ga(TC10P)(O2CR) compounds, Ga(TC10P)(O2CC6H4pyrC60) reproducibly forms self-assembled 

monolayers with a pseudohexagonal arrangement. Structural analysis provides the lattice 

parameters a = 1.75 ± 0.03 nm, b = 1.88 ± 0.04 nm, Г = 68 ± 2° (Table 4.2). This packing 

arrangement is denoted as the δ structure, since the lattice parameters are within experimental 

error of the parameters for the δ substructure observed as part of the alternating γ/δ lattice. The 

periodicity of the monolayer shown in Figure 4.13 is evident in the small-scale image and in the 

cross-sectional profile, where the adsorbed molecules appeared as bright spherical structures 

exhibiting apparent heights of ~3–4 Å; both the appearance of apparent height exhibited by 

Ga(TC10P)(O2CC6H4pyrC60) are largely independent of the bias voltage range (−600 mV  to 

−1300 mV) used to image the monolayers. A molecular model of the proposed structural 

arrangement is shown in Figure 4.14. 
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Figure 4.13. STM images and cross-sectional profile of a monolayer of 

Ga(TC10P)(O2CC6H4pyrC60) on HOPG at the solid–liquid interface (1-phenyloctane, 1.0 × 10
-4

 

M; I = 6 pA, V = –900 mV). The cross-sectional profile corresponds to the teal line in the image, 

drawn along the b lattice vector. 

 

  

Figure 4.14. Molecular model of a Ga(TC10P)(O2CC6H4pyrC60) monolayer constructed using the 

unit cell parameters obtained from the STM images. The alkyl chains are omitted since their 

orientations are not observed; the rotational orientation of the porphyrin relative to the lattice 

vectors is not known. 
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The self-assembly of Ga(TC10P)(O2C6H4pyrC60) is also investigated at solution 

concentrations of 5.0  10
–5

 M and 2.0  10
–4

 M to probe for possible concentration effects on 

the packing geometry. While Ga(TC10P)(O2C6H4pyrC60) monolayers do not form at 5.0  10
–5

 

M, samples prepared 2.0  10
–4

 M solutions contain monolayers that exhibit the δ structure 

observed above for 1.0  10
–4

 M samples, with lattice parameters a = 1.74 ± 0.03 nm, b = 1.88 ± 

0.02 nm, Г = 68 ± 2° (Figure 4.15). The only notable difference observed for samples prepared 

with 2.0  10
–4

 M solutions is that the surface coverage is consistently greater, with monolayers 

spanning widths of hundreds of nanometers. 

  

 

Figure 4.15. STM images and cross-sectional profile of a monolayer of 

Ga(TC10P)(O2CC6H4pyrC60) on HOPG at the solid–liquid interface (1-phenyloctane, 2.0 × 10
-4

 

M; I = 8 pA, V = –1300 mV). The cross-sectional profile corresponds to the teal line in the image, 

drawn along the b lattice vector. 

The similarity between the packing structure of Ga(TC10P)(O2CC6H4pyrC60) monolayer 

and the δ substructure of the alternating unit cell lattice exhibited by Ga(TC10P)(O2CPh) and 
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Ga(TC10P)(O2CFc) monolayers is likely not coincidental. In the aforementioned study on the 

formation of CuTC11P at the 1-octanoic acid/HOPG interface, Coenen et al. observed 

monolayers that consisted of mixtures of the M, B, and S polymorphs, which were seamlessly 

connected due to the sharing of unit cell vectors between the M and B polymorphs, as well as the 

M and S polymorphs (b1 = m2 = 1.92 ± 0.09 nm; m1 = s1 = 1.26 ± 0.05 nm).
16

 The sharing of unit 

cell vectors was suggested to be correlated to the conformations of alkyl substituents. For 

instance, a molecule positioned at the border of an M domain and an S domain would have two 

alky chains in the m1 = s1 configuration, one alkyl chain in the m2 configuration, and one alkyl 

chain in the s2 configuration; the latter two alkyl chains would be oriented towards the M domain 

and the S domain, respectively, which enabled the structural transition between the two domains.  

Based on this example, we attribute the similarities between the δ substructure of the 

alternating arrangement and the packing geometry of the Ga(TC10P)(O2CC6H4pyrC60) 

monolayers to the sharing of alkyl chain conformations. A model depicting the proposed 

relationship between the alternating γ and δ arrangement and the δ packing structure is shown in 

Figure 4.16. In this model, each square represents a dyad molecule, and each triangle represents 

an alkyl chain which extends into the unit cell, where the different colors correspond to unique 

alkyl chain orientations. 
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Figure 4.16. Proposed model for the relationship between the (A) alternating γ and δ structure 

and the (B) packing structure exhibited by Ga(TC10P)(O2CC6H4pyrC60) monolayers, denoted as 

δ. Each colored triangle corresponds to a unique alkyl chain conformation. This model is adapted 

from Ref. 16. 

In Ga(TC10P)(O2CPh) and Ga(TC10P)(O2CFc) monolayers, the b lattice vector of the γ 

cell and the a vector of the δ cell are equivalent, and should therefore correspond to the same 

alkyl chain conformation (denoted as γb/δa, shown in blue in Figure 4.16). The a lattice vector of 

the γ cell and the b lattice vector of the δ cell, in contrast, are unique to each substructure and 

represent two additional alkyl chain conformation (denoted as γa and δb; shown in green and red 

in Figure 4.14) that are found only in the respective unit cells. The molecular configuration of 

Ga(TC10P)(O2CPh) and Ga(TC10P)(O2CFc) within the alternating lattice can therefore be 

described as having two alkyl chains in the γb = δa configuration, one alkyl chain in the δb 

configuration, and one alkyl chain in the γa configuration (Figure 4.16a). Since the unit cell of 

Ga(TC10P)(O2CC6H4pyrC60)  monolayers have the same lattice parameters as the δ substructure 

in the alternating arrangement but is not connected to γ domains, only one of the alkyl chains of 

a Ga(TC10P)(O2CC6H4pyrC60) molecule should have a different conformation from those of 

Ga(TC10P)(O2CPh) or Ga(TC10P)(O2CFc) in the alternating arrangement since; the adsorption 
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configuration of Ga(TC10P)(O2CC6H4pyrC60) should therefore consist of two alkyl chains in the 

δa configuration, and two in the δb configuration (Figure 4.14b). 

Unlike the previously described Ga(TC10P)(O2CR) derivatives, the axial ligand of 

Ga(TC10P)(O2CC6H4pyrC60) extends beyond the porphyrin plane as shown by its space-filling 

model of the gas-phase optimized structure (Figure 4.17; see Appendix B). The approximate 

distance from the center of the porphyrin to the outer edge of the molecule (as measured from the 

plane that bisects the porphyrin core and also contains the benzoic acid moiety, represented by 

the black lines in Figure 4.17), is approximated to be 1.07 nm. Although this value is smaller 

than the unit cell vectors of the γ cell, the space between porphyrin molecules above the surface 

can potentially be occupied by solvated alkyl chains, hence the steric bulk of the ligand can 

possibly disrupt the formation of the alternating structure. 

 

Figure 4.17. Space-filling model of the gas-phase optimized structure of 

Ga(TMeP)(O2CC6H4pyrC60). 

4.4. Conclusion 

 The self-assembly of monolayers of gallium-porphyrin carboxylate and aryloxide 

complexes containing functional axial ligands has been demonstrated at the 1-

phenyloctane/HOPG interface. The monolayer structures of Ga(TC10P)(OR) and 

Ga(TC10P)(O2Ph) complexes were shown to be affected by the axial ligands, which was 
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exemplified by the observation of four distinctive unit cells; while Ga(TC10P)(OPh) and 

[Ga(TC10P)(OC6H4py)][PF6] monolayers exhibited the β and α packing structures that were 

observed in previously investigated TC10P-based systems, two newly observed unit cells, γ and δ, 

were found in self-assembled monolayers of Ga(TC10P)(O2CR) complexes. Ga(TC10P)(O2CPh) 

and Ga(TC10P)(O2CFc) monolayers consistently exhibited a packing structure that was 

characterized by a 1:1 alternating arrangement of γ and δ unit cells, while 

Ga(TC10P)(O2CC6H4pyrC60) consistently formed monolayers exclusively in the δ arrangement; 

the two packing structures were hypothesized to be related by the alkyl chain conformations of 

the adsorbed Ga(TC10P)(O2CR) molecules due to the sharing of unit cell vectors. The axial 

ligand influence on influence on self-assembled monolayer formation was further exemplified by 

Ga(TC10P)(FME) which, in contrast to other Ga(TC10P)X complexes investigated in this work, 

appeared to only form ordered monolayers under reduced solution concentrations. The observed 

monolayers exhibited structural polymorphism and were unstable, although such qualities could 

be counteracted by the use of the TC16P porphyrin, which forms more stable monolayers. Despite 

the apparent variations in self-assembling behavior, the high periodicity and reproducibility of 

the observed monolayers formed by gallium-porphyrin carboxylate and aryloxide complexes 

suggest that these two classes of compounds are promising as molecular platforms for organizing 

functional molecules on surfaces, where the 2D packing arrangement can be altered by changing 

the linker between the Ga-porphyrin and the functional axial subunit.  
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 CHAPTER 5 

Post-Deposition Modification of Gallium-Porphyrin Monolayers on HOPG 

5.1. Introduction 

Two dimensional assemblies of molecular building blocks such as triazatriangulenium 

derivatives,
1-6

 Janus tectons,
7-9

 and metalloporphyrins
10-14

 on atomically flat substrates have been 

shown to serve as attachment points for molecules that extend from the surface. This “molecular 

platform approach” is a promising method of surface functionalization due to the ease of 

preparing molecular assemblies, as well as the predictability of the structural morphology of the 

molecular arrays. Metalloporphyrins are of particular interest due to their known synthetic 

modularity, which allows for a high degree of control in terms of their chemical properties and 

self-assembling behavior.
15, 16

 
17

 The ability to exert precise control over the patterning of 

functional molecules, in turn, is of great importance to the development of functional nanoscale 

modules.
18-20

 

Prior examples of Ga(TC10P)X monolayers supporting functional axial groups were 

prepared by first synthesizing the molecular building blocks (Chapters 2 and 3), followed by the 

deposition of the dyads on highly ordered pyrolytic graphite (HOPG) (Chapters 2 and 4). Using 

this general method, self-assembled monolayers of Ga-porphyrin complexes bearing functional 

moieties such as oligo-phenylene-ethynylene (OPE) molecular wires, chromophores, and 

electroactive molecules have been prepared on HOPG at the solid–liquid interface. An 

alternative approach is to first prepare a self-assembled monolayer of a Ga(TC10P)X precursor 

molecule, followed by the  replacement of the leaving group with a functional ligand in situ. This 

method was previously not pursued in the earlier phase of this work due to the incompatibility of 

the Ga-acetylide ligand attachment chemistry, which requires the manipulation of precursors 
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under an inert atmosphere in polar solvents, with the scanning tunneling microscopy (STM) 

experiments, which are conducted in air at the solid–liquid interface with nonpolar solvents.  

The study of the post-deposition modification of self-assembled porphyrin monolayers 

(Scheme 5.1) is made possible by the facile reactivity of Ga(TC10P)(OH) towards carboxylic 

acids. In Chapter 3, we showed that Ga-porphyrin-carboxylate complexes could be readily 

prepared in air at room temperature within ~5 min. Since the ligand attachment chemistry was 

performed in hydrocarbon solvents such as C6D6 and toluene, it is expected to be compatible 

with 1-phenyloctane, which is the solvent employed for our STM experiments.   

 

Scheme 5.1. In situ preparation of monolayers of Ga(TC10P)(O2CR) bearing functional units via 

postdeposition modification of Ga(TC10P)(OH) monolayers with carboxylic acids. 

There have been limited accounts of the post-deposition modification of porphyrin 

monolayers at the solid–liquid interface. Several reports have shown that zinc-porphyrins can 

bind nitrogenous bases after self-assembled monolayer formation. These occur via reversible 

dative metal–ligand interactions. Examples of this type include ZnOEP/4-4′-bipyridine 

coordination polymers supported by HOPG,
12, 13

 Zn(TC12P) monolayers modified through the 

axial ligation of pyridine at the n-tetradecane/HOPG interface,
21

 as well as Zn(C18OPP) (C18OPP 

= 5,10,15,20-tetra (4-octadecyloxyphenyl)porphyrin) monolayers appended with cis- and trans-

4-(phenylazo)pyridine at the 1-phenylctane/HOPG interface.
22

 The modification of Co 

octaethylporphyrin (Co(OEP)) monolayers on HOPG through the reversible binding of O2 has 
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also been demonstrated at the 1-phenyloctane/HOPG interface under conditions of O2 

saturation.
23

 Another example is represented by the modification of a Mn-porphyrin monolayer 

through axial-ligand-induced redox chemistry at the 1-octanoic acid/HOPG interface, although 

the various species generated in situ were transient.
24

 In contrast to these previously reported 

systems, post-deposition modification of porphyrin monolayers using the Ga-carboxylate linkage 

can offer a way to synthesize persistent surface structures based on kinetically inert covalent 

bonds. 

In this chapter, the self-assembly of Ga(TC10P)(OH) at the 1-phenyloctane/HOPG 

interface and post-deposition modification of Ga(TC10P)(OH) monolayers with carboxylic acids 

are described. For post-deposition modification experiments, FcCO2H and C60pyrC6H4CO2H 

were chosen because Ga(TC10P)(O2CFc) and Ga(TC10P)(O2CC6H4pyrC60) both form self-

assembled structures with packing arrangements that are different from Ga(TC10P)(OH) 

monolayers (; Ga(TC10P)(O2CFc), γ/δ; Ga(TC10P)(O2CC6H4pyrC60), δ). This is useful because 

the monolayers via post-deposition modification could possess a packing geometry 

distinguishable from those of monolayers formed from solutions of pre-assembled dyads. 

Additionally, since both dyads were found to exhibit great apparent heights (Ga(TC10P)(O2CFc): 

~5–7 Å; Ga(TC10P)(O2CC6H4pyrC60): ~3–4 Å) than Ga(TC10P)(OH) (~1–1.5 Å), these ligands 

can potentially serve as “contrast agents” that allow for the differentiation between precursor and 

product porphyrins within a self-assembled monolayer. It is found that post-deposition 

modification of Ga(TC10P)(OH) monolayers can be achieved via the sequential deposition of 

Ga(TC10P)(OH) and FcCO2H solutions to form mixed Ga(TC10P)(O2CFc)/Ga(TC10P)(OH)  

monolayers that maintain the original structure.  
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5.2. Experimental Methods 

5.2.1. Materials. The preparation and characterization of C60pyrC6H4CO2H, 

Ga(TC10P)(OH) and Ga(TC10P)(O2CFc) are described in Chapter 3. 1-Phenyloctane and FcCO2H 

(Sigma-Aldrich) were used as received. 

5.2.2. Sample Preparation for STM Experiments. Highly oriented pyrolytic graphite 

(HOPG) wafers (SPI-2 grade, SPI Supplies) measuring 7 mm  7 mm  1 mm were mounted to 

12 mm diameter metal specimen discs with colloidal silver paste (PELCO, Ted Pella, Inc.). The 

surface of the HOPG substrate was cleaved with adhesive tape immediately prior to dosing. All 

solutions were deposited with syringes equipped with 25-gauge needles. For STM experiments 

on Ga(TC10P)(OH) and Ga(TC10P)(O2CFc) self-assembled monolayers, one drop of a freshly 

prepared porphyrin solution in 1-phenyloctane [Ga(TC10P)(OH): 5.0  10
–5

 M , 1.0  10
–4

 M, 2.0 

 10
–4

 M; Ga(TC10P)(O2CFc): 1.0  10
–4

 M] was deposited on HOPG. The STM tip was then 

engaged through the drop and the sample was imaged. For post-deposition modification 

experiments, one drop of Ga(TC10P)(OH) solution in 1-phenyloctane (1.0  10
–4

 M, 2.0  10
–4

 

M) was deposited on HOPG surface via syringe, and the resulting sample was imaged. After 

confirming the presence of porphyrin monolayers on the surface, the STM tip was disengaged, 

and one drop of a 1-phenyloctane solution of FcCO2H (1.3  10
–5

 M, 1.0  10
–4

 M) or 

C60pyrC6H4CO2H (5.0  10
–5

 M, 1.0  10
–4

 M, 2.0  10
–4

 M) was applied to the porphyrin 

solution on HOPG along the exposed portion of the STM tip. The STM tip was reengaged and 

the sample was imaged. For the supernatant dilution control experiment, one drop of 1-

phenyloctane was added to the porphyrin solution after the formation of Ga(TC10P)(O2CFc) 

monolayers was confirmed by STM. 
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5.2.3. STM Measurements and Data Analysis. STM images were acquired at room 

temperature using a Digital Instruments Nanoscope IIIa standalone STM. The Pt0.8Ir0.2 tips were 

mechanically cut from a Pt/Ir (80/20) wire (Goodfellow). All measurements were performed in 

constant current mode. For each sample, an image of the underlying graphite surface was 

acquired. The data were corrected for drift post-acquisition in the SPIP software package
25

 using 

the underlying graphite lattice parameters (a = b = 0.246 nm, Γ = 60°) as a reference.
26

 Data 

analysis was performed using WSxM 5.0 software.
27

 All of the images presented were flattened, 

low-pass filtered, and sharpened by adjusting the contrast. Reported lattice parameters are 

averages of those determined from consecutive up-scan and down-scan images. The unit-cell 

distances were determined from spacings within 100 sets of five consecutive porphyrin 

molecules, and the unit-cell angles were determined from the average of 40 measurements. For 

samples that exhibited the alternating unit cell structure, the unit-cell-distances were the averages 

of 100 measurements of the porphyrin center-to-center distances, and the unit-cell angles were 

the average of 40 measurements. 

5.3. Results and Discussion 

5.3.1. STM Imaging of Ga(TC10P)(OH) at the 1-Phenyloctane/HOPG Interface. In 

order to provide a structural reference point for post-deposition modification experiments, the 

self-assembly and structure of monolayers of Ga(TC10P)(OH) at the 1-phenyloctane/HOPG 

interface were investigated. The structures of Ga(TC10P)(OH) self-assembled monolayers were 

studied at three different concentrations (2.0  10
–4 

M, 1.0  10
–4 

M, 5.0  10
–5 

M) to probe for 

differences that might result when the Ga(TC10P)(OH) supernatant is diluted upon subsequent 

deposition of a carboxylic acid solution. 
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Deposition on HOPG of one drop of a Ga(TC10P)(OH) solution in 1-phenyloctane 

resulted in the formation of monolayers spanning widths of hundreds of nanometers. There is not 

an apparent difference in surface coverage at the various concentrations (Figure 5.1a, 2.0  10
–4 

M; Figure 5.1b, 1.0  10
–4 

M; Figure 5.1c, 5.0  10
–5 

M). Although regions of exposed graphite 

are occasionally observed, the monolayers persist for hours without noticeable changes in 

surface coverage during the scanning process, which indicates that the monolayers are stable 

towards STM imaging. A representative 25 nm  25 nm image of Ga(TC10P)(OH) (Figure 5.1d) 

shows that the adsorbed molecules appear as bright, ring-like features that are arranged in a 

periodic pattern. At all concentrations, Ga(TC10P)(OH) exclusively forms monolayers with the β 

structure with statistically indistinguishable lattice parameters (Table 5.1); these values are in 

good agreement with the lattice parameters of Ga(TC10P)Cl monolayers, which have only been 

observed to form monolayers with the β packing structure (Chapter 2). 
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Figure 5.1. STM images and cross-sectional profile of Ga(TC10P)(OH) monolayers on HOPG at 

the solid–liquid interface (1-phenyloctane): (A) 2.0 × 10
-4

 M, I = 9 pA, V = –950 mV; (B) 1.0 × 

10
-4

 M, I = 8 pA, V = –1000 mV; (C) 5.0 × 10
-5

 M; I = 8 pA, V = –950 mV; (D) 1.0 × 10
-4

 M, I = 

8 pA, V = –950 mV. The cross-sectional profile corresponds to the teal line in (D), drawn along 

the b lattice vector. 
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Table 5.1. Lattice Parameters of Packing Structures Exhibited by Ga(TC10P)(OH) and Selected 

Ga(TC10P)X Complexes at the 1-Phenyloctane/HOPG Interface.
a 

Compound (lattice) Conc.  

(10
-4 

M) 

a (nm) b (nm) Γ (°) A (nm
2
) density 

(molecules/nm
2
) 

Ga(TC10P)(OH) (β) 0.5 1.66(5) 2.15(4) 67(2) 3.29(21) 0.30 

 1.0 1.66(3) 2.14(5) 71(2) 3.36(18) 0.30 

 2.0 1.69(3) 2.19(3) 69(2) 3.46(15) 0.29 

Ga(TC10P)Cl (β)
b
 7.5 1.71(3) 2.09(4) 70(2) 3.36(17) 0.30 

Ga(TC10P)(O2CFc) (γ)
c
 

(δ)
c
 

1.0 1.34(8) 1.72(3) 63(3) 2.05(21) 0.49 

1.72(3) 1.89(10) 72(4) 3.09(29) 0.32 

Ga(TC10P)(O2CC6H4pyrC60) (δ)
c
 1.0 1.75(3) 1.88(4) 68(2) 3.05(16) 0.33 

2.0 1.74(3) 1.88(2) 68(2) 3.03(13) 0.33 

a
 Values in parentheses are standard deviations of the last digit(s). 

b
 See Chapter 2. 

c
 See Chapter 

4. 

The bias-voltage dependence of the monolayer feature shapes and apparent heights 

exhibited by Ga(TC10P)(OH) were investigated to determine whether this information could be 

used to distinguish unreacted surface-bound Ga(TC10P)(OH) from Ga(TC10P)(O2CR) dyad 

molecules. Depending on the bias voltage, Ga(TC10P)(OH) monolayers appeared as arrays of 

lobes (–400 mV to –800 mV; Figure 5.2a–e), rings (–950 mV; Figure 5.2f), or circular features 

(–1100 mV to –1400 mV; Figure 5.2g–i). These features are attributed to tunneling through the 

porphyrin macrocycle rather than through the axial ligand, since the measured widths of the 

features (~1 nm) are comparable to approximate diameter of a porphyrin ring.
28

 This is in 

contrast to Ga(TC10P)Cl and Ga(OEP)X (X = Cl, Br, I),
14

 which can appear as ring-shaped 

features or bright dots depending on the bias voltage. The former appearance was attributed to 

tunneling through the porphyrin periphery, and the latter was attributed to axial halide ligands 

extended above the surface. In addition to the previously reported Ga-porphyrin complexes, the 

four-coordinate NiOEP has also been imaged with either a bright protrusion or a cavity in the 

center depending on the bias voltage.
29

 The bias-dependent appearance of the Ga(TC10P)(OH) 
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monolayer features also contrasts with the observations for Ga(TC10P)(O2CFc) and 

Ga(TC10P)(O2CC6H4pyrC60), the shapes of which are largely independent of the bias voltage 

(Chapter 4). 

The apparent height ranges also varied across bias voltages (Table 5.2), but are, on 

average, consistently shorter than the observed apparent height of Ga(TC10P)(O2CFc) and 

Ga(TC10P)(O2CC6H4pyrC60) monolayers (Chapter 4), suggesting that the hydroxide and these 

carboxylato compounds would be distinguishable by height if they were both present in a mixed 

monolayer. In STM images obtained at –1100 mV, –1300 mV, and –1400 mV, sporadic bright 

features with higher contrast (–1100 mV: ~1.6 Å; –1300 mV: ~2.5 Å; –1400 mV: ~5.0 Å) than 

the background are sometimes observed (identified with red circles in Figures 5.4g–i). Although 

the reason for the appearance of features with higher contrast within the lattice was unclear, the 

presence of a different molecular species
30

 is unlikely since consecutive images show that the 

high contrast features are not recurrent.  

Table 5.2. Apparent Height Ranges Exhibited by Ga(TC10P)(OH) Monolayers at Various Bias 

Voltages. 

Bias Voltage (mV) Figure Shape Apparent Height Range (Å) 

–400 5.2a Lobed 1.5 – 2.0 

–500 5.2b Lobed 1.5 – 2.0 

–600 5.2c Lobed 1.5 – 2.0 

–700 5.2d Lobed 1.5 – 2.0 

–800 5.2e Lobed 1.5 – 2.0 

–950 5.2f Ring 1.0 – 1.5 

–1100 5.2g Circular 0.8 – 1.2, 1.6
a
 

–1300 5.2h Circular 1.5 – 2.0, 2.5
a
 

–1400 5.2i Circular 2.5 – 3.0, 5.0
a
 

a
 Apparent height exhibited by sporadic bright features. 
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Figure 5.2. STM images of Ga(TC10P)(OH) monolayers on HOPG at the solid–liquid interface 

obtained at various bias voltages (1-phenyloctane): (A) 1.0 × 10
-4

 M, I = 9 pA, V = –400 mV; (B) 

1.0 × 10
-4

 M, I = 9 pA, V = –500 mV; (C) 1.0 × 10
-4

 M, I = 9 pA, V = –600 mV; (D) 1.0 × 10
-4

 

M, I = 9 pA, V = –700 mV; (E) 1.0 × 10
-4

 M, I = 9 pA, V = –800 mV; (F) 1.0 × 10
-4

 M, I = 8 pA, 

V = –950 mV; (G) 2.0 × 10
-4

 M, I = 7 pA, V = –1100 mV; (H) 1.0 × 10
-4

 M, I = 7 pA, V = –1300 

mV; (I) 2.0 × 10
-4

 M, I = 8 pA, V = –1400 mV. Features are described in the text as lobed (A–E), 

ring-shaped (F), and circular (G–I). Sporadic bright features are marked with red circles in (G–I). 

5.3.2. Sequential Deposition of Ga(TC10P)(OH) and FcCO2H. The use of FcCO2H in 

post-deposition modification experiments was predicated not only on its reactivity towards 

Ga(TC10P)(OH) but also to the much larger apparent height of the ferrocene moiety compared to 

the hydroxide ligand in their Ga(TC10P)X complexes, which should allow the formation of 
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Ga(TC10P)(O2CFc) within a Ga(TC10P)(OH) lattice to be clearly observed. To test this 

hypothesis, the first experiment involved treatment of a Ga(TC10P)(OH) monolayer with < 1 

equivalent of FcCO2H, so that conversion substitution of OH ligands in the monolayer by FcCO2 

ligands would be incomplete. STM samples were prepared by the sequential deposition of one 

drop each of a 1.0 × 10
-4

 M Ga(TC10P)(OH) solution and a 1.3 × 10
-5

 M FcCO2H solution, both 

in 1-phenyloctane, on HOPG. Prior to the addition of FcCO2H, the STM samples were imaged; 

monolayers of Ga(TC10P)(OH) were observed with the structure and coverage noted in Section 

5.3.1. The addition of one drop of FcCO2H solution to the Ga(TC10P)(OH) solution reduced the 

concentrations of both components to approximately one-half of the original values; as noted in 

Section 5.3.1, the structure and surface coverage of Ga(TC10P)(OH) monolayers are essentially 

identical at these two concentrations. Consistent with this, STM imaging ~5 min after the 

addition of FcCO2H (which is required for the STM tip to approach the surface) reveals self-

assembled monolayers spanning of hundreds of nanometers in width (Figure 5.3). Bright features 

are observed to be randomly scattered within the monolayer; images obtained at smaller scan 

sizes reveal that the bright features with more well-defined shapes are largely aligned to the 

underlying lattice (Figure 5.3c). The lattice formed by the dim features exhibits the β packing 

geometry with lattice parameters a = 1.65 ± 0.04 nm, b = 2.05 ± 0.05 nm, Г = 67 ± 3°; these are 

within experimental error of the parameters found for pristine Ga(TC10P)(OH) (Table 5.1). The 

cross-sectional profile shows a sharp contrast between the bright features, which have a height 

range of 6–7 Å, and the dimmer spots, which have a height range of 1–2 Å. Both sets of values 

correspond well to the expected height profiles of Ga(TC10P)(O2CFc) and Ga(TC10P)(OH), 

respectively, indicating that the bright spots are the result of the incorporation of 
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Ga(TC10P)(O2CFc) into the monolayer. Domains with the alternating unit cell structure found for 

Ga(TC10P)(O2CFc) are not observed.  

   

   

Figure 5.3. STM images and cross-sectional profile of a monolayer of Ga(TC10P)(OH) (1.0 × 10
-

4
 M) on HOPG after the addition of a drop of FcCO2H solution (1.3 × 10

-5 
M) at the solid–liquid 

interface (1-phenyloctane; (A): I = 6 pA, V = -1000 mV; (B) and (C): I = 9 pA, V = –950 mV). 

The cross-sectional profile corresponds to the teal line in (B), drawn along the a lattice vector. 

(C) is cropped  to the bottom left portion of (B); the lattice defined by the dim spots is 

highlighted with green circles, and the red arrows indicate locations where the bright features are 

clearly aligned to the lattice. 

  The sequential deposition experiments were repeated with solutions of Ga(TC10P)(OH) 

and FcCO2H of equal concentration (1.0 × 10
-4

 M), with the aim of increasing the extent of 

surface modification (ideally to full coverage). STM imaging ~5 min following addition of 

FcCO2H to the Ga(TC10P)(OH) monolayer (Figure 5.6) shows the presence of a highly ordered 
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monolayer that contained a mix of bright and dim spots, with the former predominating (~90%). 

Structural analysis reveals that both the bright and dim spots conform to the same lattice, with 

dimensions characteristic of the β structure (a = 1.71 ± 0.04 nm, b = 2.06 ± 0.05 nm, Γ = 71 ± 

2°), suggesting that the original packing geometry of the Ga(TC10P)(OH) lattice was retained 

(Figure 5.4). The alternating unit cell arrangement found for monolayers prepared from pure 

Ga(TC10P)(O2CFc) (Chapter 4) was not observed for any samples examined. The cross-sectional 

profile showed that the apparent height ranges of bright spots and the dim spots are 4.5–6 Å and 

1.5–2.0 Å, respectively, which are consistent with the typical apparent height ranges exhibited by 

Ga(TC10P)(O2CFc) and Ga(TC10P)(OH). Together, these observations indicate that the 

Ga(TC10P)(O2CFc) molecules observed in the monolayer result from the on-surface reaction 

between Ga(TC10P)(OH) and FcCO2H, rather than from the reaction between these compounds 

in solution and subsequent deposition on the surface. Although the positions of Ga(TC10P)(OH) 

molecules in the monolayer could not be tracked in consecutive images due to drift, we attribute 

the presence of Ga(TC10P)(OH) to incomplete reaction rather than the filling of defect sites 

because such defect site were not observed to be generated in Ga(TC10P)(O2CFc) monolayers 

during STM scanning (see Chapter 4).  

 



192 
 

   

 
Figure 5.4. STM images and cross-sectional profile of a monolayer of Ga(TC10P)(OH) (1.0 × 10

-

4
 M) on HOPG after the addition of one drop of FcCO2H solution (1.0 × 10

-4 
M) at the solid–

liquid interface (1-phenyloctane; left: I = 7 pA, V = –1000 mV; right: I = 6 pA, V = –1100 mV). 

The cross-sectional profile corresponds to the teal line in the image, drawn along the a lattice 

vector. 

Unlike the case where less than one equivalent of FcCO2H was added, the surface 

coverage of the monolayers resulting from the deposition of one equivalent of FcCO2H was less 

than that of the original Ga(TC10P)(OH) monolayer. Monolayers usually span ~80–100 nm in 

width, although monolayers with domains sizes of over 200 mm × 200 nm are occasionally 

observed (Figure 5.5). Figure 5.6 shows consecutive images of a Ga(TC10P)(O2CFc) monolayer, 

which were recorded within ~7 min. Structural disorder (“fuzzy regions”) can be observed along 

the left edge of the lattice as well as the bottom of the image, where the gradual expansion of a 

cavity within the monolayer is observed. This suggests that the mixed 

Ga(TC10P)(O2CFc)/Ga(TC10P)(OH) monolayers are less stable in the β packing geometry than 
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either those of the pristine Ga(TC10P)(O2CFc) alternating structure or the Ga(TC10P)(OH) 

monolayers. 

   

Figure 5.5. STM images of a monolayer of Ga(TC10P)(OH) (1.0 × 10
-4

 M) on HOPG after the 

addition of a drop of FcCO2H solution (1.0 × 10
-4 

M) at the solid–liquid interface with a greater 

domain size (1-phenyloctane; I = 8 pA, V = –950 mV; right: I = 6 pA, V = –1100 mV).  

   

Figure 5.6. Sequential STM images (left to right) of a Ga(TC10P)(OH) (1.0 × 10
-4

 M) monolayer 

on HOPG after addition of one drop of FcCO2H solution (1.0 × 10
-4 

M) at the solid–liquid 

interface (1-phenyloctane; I = 8 pA, V = –950 mV). Removal of adsorbed molecules can be 

observed on the left edge of the lattice, as well as the cavity within the monolayer near the 

bottom of the images. 

5.3.3. Sequential Deposition of Ga(TC10P)(OH) and 1-Phenyloctane. Post-deposition 

modification of Ga(TC10P)(OH) monolayers through addition of a FcCO2H solution dilutes the 

supernatant. It is known that the lattice parameters of Ga(TC10P)(O2CFc) monolayers formed 
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from the presynthesized compound are independent of concentration, including that equivalent to 

the diluted supernatant (5.0 × 10
-5

 M, Chapter 4). However, the process of dilution during the 

postdeposition modification method could produce concentration gradients or other effects that 

might not be well modeled by the concentration dependence studies. To probe for possible 

structural changes in Ga(TC10P)(O2CFc) monolayers induced by the sample preparation process, 

the sequential deposition of Ga(TC10P)(O2CFc) and neat 1-phenyloctane was also investigated. 

Ga(TC10P)(O2CFc) monolayers were first prepared by depositing a 1.0 × 10
-4

 M solution on 

HOPG and imaged to confirm they possessed the typical structure and lattice parameters (Figure 

5.7a). The supernatant was then diluted by applying a drop of neat 1-phenyloctane, reducing the 

effective solution concentration to 5.0 × 10
-5

 M. For samples prepared in this manner, the 

alternating unit cell arrangement is retained after the addition of 1-phenyloctane, but a reduction 

in surface coverage is consistently observed at the onset of STM imaging (Figure 5.7b). In some 

trials, only small monolayer domains, measuring tens of nanometers on the sides, are observed, 

and are quickly removed during STM imaging, as shown by consecutive images recorded of the 

same domain (Figure 5.8). Despite the instability of these small domains, they are also clearly 

characterized by the alternating unit cell arrangement. The observation of reduced domain size in 

samples prepared via sequential deposition is in contrast to samples prepared from 5.0 × 10
-5

 M 

Ga(TC10P)(O2CFc) solutions, where high surface coverage was consistently observed at the 

onset of STM imaging. Since the 1-phenyloctane droplet was added along the exposed portion of 

the STM tip, it could potentially cause inhomogeneity in concentration within the sample 

assuming that solution mixing was slow. The reduction in domain size may be the result of a 

reduced local concentration of Ga(TC10P)(O2CFc) around the STM tip from the addition of 1-

phenyloctane, which would favor the desorption of molecules from the substrate around the scan 
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area.
31, 32

 Nonetheless, since the alternating unit cell arrangement is consistently observed 

regardless of  domain size, this finding is consistent with the hypothesis that the β structure of 

the mixed Ga(TC10P)(O2CFc)/Ga(TC10P)(OH) monolayers results from retention of the original 

Ga(TC10P)(OH) structure following reaction at the surface.  

   
Figure 5.7. STM images of a Ga(TC10P)(O2CFc) monolayer on HOPG before (A) and after (B) 

dilution of the 1.0 × 10
-4

 M supernatant (1-phenyloctane) with neat 1-phenyloctane (final 

concentration ~5.0 × 10
-5

 M); (A): I = 7 pA, –1000 mV; (B): I = 6 pA, –1000 mV. 

 

   
Figure 5.8. Consecutive STM images (recorded within ~3 min) of a Ga(TC10P)(O2CFc) 

monolayer on after dilution of the 1.0 × 10
-4

 M supernatant (1-phenyloctane) with neat 1-

phenyloctane (final concentration ~5.0 × 10
-5

 M; I = 7 pA, –1000 mV), showing the removal of 

adsorbed molecules during the imaging process. 

5.3.4. Sequential Deposition of Ga(TC10P)(OH) and C60pyrC6H4CO2H. Post-

deposition modification of Ga(TC10P)(OH) monolayers with C60pyrC6H4CO2H was also 
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investigated to test for the generality of this surface functionalization method. C60pyrC6H4CO2H, 

like FcCO2H, rapidly reacts with Ga(TC10P)(OH) in benzene and toluene to form 

Ga(TC10P)(O2CC6H4pyrC60). Since Ga(TC10P)(O2CC6H4pyrC60) exclusively forms self-

assembled structures with a δ unit cell, which is distinguishable from the β structure exhibited by 

Ga(TC10P)(OH) monolayers, observation of Ga(TC10P)(O2CC6H4pyrC60) monolayers with the β 

structure in post-deposition modification experiments would suggest that these complexes form 

via on-surface reactions.  

Because Ga(TC10P)(O2CC6H4pyrC60) does not form self-assembled monolayers on 

HOPG when deposited from a 5.0 × 10
-5

 M solution (Chapter 4), sequential deposition 

experiments were performed using 2.0 × 10
-4

 M solutions of Ga(TC10P)(OH) and 

C60pyrC6H4CO2H. After confirming the presence of Ga(TC10P)(OH) monolayers by STM 

imaging, one drop of C60pyrC6H4CO2H solution was added to the Ga(TC10P)(OH) solution, 

which reduced the effective concentrations of both components to approximately 1.0 × 10
-4

 M. 

STM imaging of the sample reveals highly periodic structures spanning areas of up to 100 nm in 

width (Figure 5.9); this is much less than that of the original Ga(TC10P)(OH) monolayer, but is 

consistent with the surface coverage of pristine Ga(TC10P)(O2CC6H4pyrC60) monolayers formed 

at a solution concentration of 1.0 × 10
-4

 M (Chapter 4). Regions of exposed graphite are also 

observed, but the disruption of monolayers does not result from repeated scanning, indicating 

that the porphyrin monolayers are persistent. The monolayers exhibit the δ structure, and the 

cross-sectional profile shows an apparent height range of ~2.5–3.5 Å, which is consistent with 

those observed for Ga(TC10P)(O2CC6H4pyrC60) when imaged at the same bias voltage (Figure 

5.10). Thus, the monolayer resulting from the sequential deposition of Ga(TC10P)(OH) and 

C60pyrC6H4CO2H solutions is indistinguishable from monolayers prepared by depositing the pre-
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formed dyad. Unlike the observations for Ga(TC10P)(O2CFc) prepared by post-deposition 

modification, these monolayer do not show evidence for defects attributable to Ga(TC10P)(OH). 

   

 
Figure 5.9. STM images and cross-sectional profile of a sample prepared by the sequential 

deposition of Ga(TC10P)(OH) and C60pyrC6H4CO2H on HOPG ([Ga(TC10P)(OH)] = 2.0 × 10
-4

 

M, [C60pyrC6H4CO2H] = 2.0 × 10
-4 

M) at the solid–liquid interface (1-phenyloctane; I = 6 pA, V 

= –1300 mV). The cross-sectional profile corresponds to the teal line in the image, drawn along 

the b lattice vector. 

   
Figure 5.10. STM image and cross-sectional profile of a Ga(TC10P)(O2CC6H4pyrC60) monolayer 

on HOPG at the solid–liquid interface (1-phenyloctane, 2.0 × 10
-4

 M; I = 8 pA, V = –1300 mV). 

The cross-sectional profile corresponds to the teal line in the image, drawn along the a lattice 

vector. 
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 These observations are consistent with two possibilities. The first is that the observed 

monolayers result from deposition of Ga(TC10P)(O2CC6H4pyrC60) molecules formed in solution 

onto bare HOPG formed as a result of dilution. The other possibility is that 

Ga(TC10P)(O2CC6H4pyrC60) forms via reaction of surface-bound Ga(TC10P)(OH), but with the 

resulting monolayers undergoing structural rearrangement from the β to the δ structure in the ~5 

min interval between the addition of the C60pyrC6H4CO2H and STM tip engagement to the 

surface. In this second scenario, either the extent of reaction is much greater than for 

Ga(TC10P)(O2CFc), or unreacted Ga(TC10P)(OH) molecules desorb during structural 

rearrangement of the Ga(TC10P)(O2CC6H4pyrC60) monolayer.  

5.3.5. Sequential Deposition of Ga(TC10P)(OH) and Substoichiometric 

C60pyrC6H4CO2H. In order to probe these possibilities further, the monolayers formed by 

reaction between a monolayer of Ga(TC10P)(OH) (2.0 × 10
-4

 M solution) with lower 

concentration solutions of C60pyrC6H4CO2H (5.0 × 10
-5

 M and 1.0 × 10
-4

 M) on HOPG were 

investigated. In Section 5.3.1, it was shown that addition of 1.3 × 10
-5

 M FcCO2H to monolayers 

formed from a 2.0 × 10
-4

 M Ga(TC10P)(OH) solution resulted in the random incorporation of 

Ga(TC10P)(O2CFc) into Ga(TC10P)(OH) lattice due to chemical modification of adsorbed 

molecules within the existing monolayers. If the reaction with substoichiometric 

C60pyrC6H4CO2H proceeded similarly, newly formed Ga(TC10P)(O2CC6H4pyrC60) molecules 

would be randomly scattered within a Ga(TC10P)(OH) lattice and would be distinguishable by 

comparing their molecular shapes and apparent heights to the unreacted molecules. 

 STM samples were prepared by depositing Ga(TC10P)(OH) from a 2.0 × 10
-4

 M solution, 

which resulted in the formation of self-assembled monolayers with the β structure. Addition of a 

drop of 5.0 × 10
-5

 M C60pyrC6H4CO2H solution followed by STM imaging demonstrated the 
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presence of periodic monolayers spanning hundreds of nanometers in width (Figure 5.11). The 

monolayers retain the β packing geometry, with lattice parameters a = 1.63 ± 0.03 nm, b = 2.19 ± 

0.06, Γ = 70 ± 2°; monolayers with the δ structure of Ga(TC10P)(O2CC6H4pyrC60) were not 

observed across several samples. There is no evidence for incorporation of C60pyrC6H4CO2H 

into the Ga(TC10P)(OH) monolayers, however; the adsorbed molecules uniformly appear as 

circular, ring-shaped features characteristic of Ga(TC10P)(OH) when imaged at this bias voltage 

(Figure 5.4f). In contrast, Ga(TC10P)(O2CC6H4pyrC60) should appear as spherical features 

without a depression in the center, as indicated by images of a Ga(TC10P)(O2CC6H4pyrC60) 

lattice recorded at –900 mV and –1000 mV (Figure 5.12). Based on these observations, it is 

concluded that the monolayers consist of unreacted Ga(TC10P)(OH) molecules. 

       

 
Figure 5.11. STM images of a Ga(TC10P)(OH) monolayer on HOPG at the solid–liquid interface 

after the addition of a drop of C60pyrC6H4CO2H solution (1-phenyloctane, [Ga(TC10P)(OH)] = 

2.0 × 10
-4

 M , [C60pyrC6H4CO2H] = 5.0 × 10
-5 

M; left: I = 8 pA, V = –950 mV; right: I = 7 pA, V 

= –950 mV). The cross-sectional profile corresponds to the teal line in the image, drawn along 

the b lattice vector. 
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Figure 5.12. STM images and cross-sectional profile of a monolayer of 

Ga(TC10P)(O2CC6H4pyrC60) (1.0 × 10
-4

 M, 1-phenyloctane; (A): I = 6 pA, V = –900 mV; (B): I = 

6 pA, V = –1000 mV). The cross-sectional profiles correspond to the teal lines in the images, 

drawn along the b lattice vector. 

 

The sequential deposition experiment was repeated using a solution of C60pyrC6H4CO2H 

solution with a concentration of 1.0 × 10
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M, which is double the concentration used in the 

preceding experiment but still one-half that of Ga(TC10P)(OH). When the samples were imaged 

after the addition of the C60pyrC6H4CO2H solution to the pre-formed Ga(TC10P)(OH) 

monolayers, only small monolayers with widths of tens of nanometers were observed by STM 

(Figure 5.13). These structures exhibit the δ arrangement, with lattice parameters a = 1.73 ± 0.03 
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exhibiting apparent heights of ~3 Å; Ga(TC10P)(OH), when imaged at the same bias voltage (–

1400 mV), shows less consistency in terms of feature shape and apparent heights (2.5–5 Å). 

These observations indicate that the monolayers resulting from the sequential deposition of 2.0 × 

10
-4

 M Ga(TC10P)(OH) and 1.0 × 10
-4 

M C60pyrC6H4CO2H solutions consist of 

Ga(TC10P)(O2CC6H4pyrC60) molecules. Larger monolayer arrays, also with the δ structure, with 

widths spanning hundreds of nanometers were observed for the same samples when imaged 1 h 

after the initial addition of C60pyrC6H4CO2H (Figure 5.14), suggesting the continuous deposition 

of molecules from solution.  

   

 
Figure 5.13. STM images and cross-sectional profile of a monolayer on HOPG prepared by the 

sequential deposition of Ga(TC10P)(OH) and C60pyrC6H4CO2H ([Ga(TC10P)(OH)] = 2.0 × 10
-4

 

M, [C60pyrC6H4CO2H] = 1.0 × 10
-4 

M) at the solid–liquid interface (1-phenyloctane; left: I = 6 

pA, V = –1400 mV; right: I = 8 pA, V = –1400 mV). The cross-sectional profile corresponds to 

the teal line in the image, drawn along the b lattice vector. 
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Figure 5.14. STM images of a sample prepared by the sequential deposition on HOPG of 

Ga(TC10P)OH and C60pyrC6H4CO2H ([Ga(TC10P)(OH)] = 2.0 × 10
-4

 M , [C60pyrC6H4CO2H] = 

1.0 × 10
-4 

M) at the solid–liquid interface obtained 1 h after sample preparation (1-phenyloctane; 

I = 8 pA, V = –1400 mV). 

The results from the STM studies of samples prepared via the sequential deposition of a 

2.0 × 10
-4

 M Ga(TC10P)(OH) solution and substoichiometric C60pyrC6H4CO2H are summarized 

as follows: 1) addition of a 5.0 × 10
-5

 M C60pyrC6H4CO2H solution to Ga(TC10P)(OH) 

monolayers did not result in formation of adsorbed Ga(TC10P)(O2CC6H4pyrC60) compounds 

within the existing porphyrin monolayer; 2) increasing the ligand concentration to 1.0 × 10
-4

 M 

resulted in replacement of Ga(TC10P)(OH) monolayers by small Ga(TC10P)(O2CC6H4pyrC60) 

monolayers, which appeared to be larger when the samples were imaged again after 1 h. Based 

on these observations, it is concluded that the presence of Ga(TC10P)(O2CC6H4pyrC60) 

monolayers with the δ structure after the sequential deposition of 2.0 × 10
-4

 M Ga(TC10P)(OH) 

and C60pyrC6H4CO2H solutions is most likely the result of the deposition of 

Ga(TC10P)(O2CC6H4pyrC60) molecules formed in solution. These observations may potentially 

be the result of a faster rate of reaction in the supernatant between Ga(TC10P)(OH) and 

C60pyrC6H4CO2H compared to the reaction with FcCO2H, which could prevent 

C60pyrC6H4CO2H from reaching the Ga(TC10P)(OH) monolayers. 
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5.4. Conclusion 

The post-deposition modification of Ga(TC10P)(OH) monolayers with FcCO2H to 

provide monolayers containing Ga(TC10P)(O2CFc) has been successfully demonstrated by 

combining the propensity of Ga(TC10P)(OH) to form well-ordered structures and its reactivity 

towards FcCO2H. Because the pre-assembled Ga(TC10P)(O2CFc) dyad exclusively forms self-

assembled monolayers with a structure that is distinct from that of Ga(TC10P)(OH) monolayers, 

observation of structural retention following the sequential deposition of FcCO2H and 

Ga(TC10P)(OH) indicated the successful incorporation of dyad molecules through the chemical 

modification of surface-bound Ga(TC10P)(OH). However, the generalizability of post-deposition 

modification as a sample preparation method has yet to be established because the sequential 

deposition of Ga(TC10P)(OH) and C60pyrC6H4CO2H results in Ga(TC10P)(O2CC6H4pyrC60) 

monolayers that appear to form from molecules made in solution; the chemical modification of 

the Ga(TC10P)(OH) monolayer cannot be conclusively established in this case. Since the 

formation of self-assembled monolayers is a complex process, further work will be required to 

understand the ways in which the incorporation of various axial ligands may affect the process, 

and to determine the requirements for the successful chemical modification of pre-assembled Ga-

porphyrin monolayers. 
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APPENDIX A 

Synthesis and Characterization of Gallium-Porphyrin Double-Decker Complexes Bridged 

by Dicarboxylate Ligands 

A.1. Experimental Section 

A.1.1. Materials and General Methods. All synthetic and purification procedures were 

performed in air at room temperature. The synthesis of Ga(TC10P)(OH) is reported in Chapter 3. 

Pyrene-2,7-dicarboxylic acid was prepared from 2,7-dibromopyrene according to the literature 

procedure.
1
 All other solvents, compounds and reagents were obtained from commercial sources 

and used as received. 

A.1.2. Characterization of Compounds. 
1
H NMR spectra were recorded at room 

temperature using a Bruker Avance II
+
 500 MHz NMR spectrometer. Chemical shifts for all 

1
H 

NMR spectra are reported relative to SiMe4 and were measured relative to solvent resonances.
2
 

A.1.3. Preparation of {Ga(TC10P)}2(μ-O2CC6H4CO2) (DD1). To a solution of 

Ga(TC10P)(OH) (0.042 g, 0.044 mmol) in toluene (15 mL), terephthalic acid (0.004 g, 0.024 

mmol) was added. The reaction mixture was stirred for 15 min, and the volatile components 

were removed in vacuo. The crude product was dissolved in diethyl ether (5 mL), after which 

acetonitrile (15 mL) was added. The solution was reduced in volume to ~15 mL under vacuum to 

induce precipitation of the product, which was isolated by filtration, washed with acetonitrile (5 

mL), and dried under vacuum (0.038 g, 0.019 mmol, 85% yield). 
1
H NMR (C6D6, 500.13 MHz): 

δ 9.38 (s, 16H, β), 4.70 (s. 4H, C6H4), 4.62 (t, 16H, CH2CH2CH2Por), 2.33 (m, 16H, 

CH2CH2CH2Por), 1.53 (m, 16H, CH2CH2CH2Por), 1.18–1.39 (m, 96H, CH3(CH2)6CH2), 0.91 (t, 

24H, CH3). Chemical shifts at 9.58 ppm (s), and 9.54 ppm (s) indicated the presence of two 
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porphyrinic impurities (4% relative to the product), the latter of was attributed to 

Ga(TC10P)(OH); the former was tentatively attributed to Ga(TC10P)(O2CC6H4CO2H). 

A.1.4. Preparation of {Ga(TC10P)}2(μ-O2CC16H8CO2) (DD2). To a solution of 

Ga(TC10P)(OH) (0.077 g, 0.081 mmol) in pyridine (15 mL), pyrene-2,7-dicarboxylic acid (0.011 

g, 0.037 mmol) was added. The reaction mixture was refluxed for 1 h, and the volatile 

components were removed in vacuo. The crude product was dissolved in hot toluene (3 mL) and 

cooled at −20 °C overnight, which induced precipitation of the product as a dark purple solid. 

The product was collected via filtration, washed with toluene (3 × 5 mL) and hexanes (3 × 5 

mL), then dried under vacuum (0.048 g, 0.020 mmol, 50% yield). 
1
H NMR (C6D6, 500.13 MHz): 

δ 9.52 (s, 16H, β), 6.33 (s, 4H, Ar-H4,5,9,10), 6.25 (s, 4H, Ar-H1,3,6,8), 4.75 (t, 16H, 

CH2CH2CH2Por), 2.39 (m, 16H, CH2CH2CH2Por), 1.50 (m, 16H, CH2CH2CH2Por), 1.24 (m, 

16H, CH3(CH2)5CH2), 1.18–1.39 (m, 80H, CH3(CH2)5CH2), 0.91 (t, 24H, CH3). An unidentified 

impurity was observed at 1.37 ppm (m). 

A.1.5. Sample Preparation for STM Experiments. Highly oriented pyrolytic graphite 

(HOPG) wafers (SPI-2 grade, SPI Supplies) measuring 7 mm  7 mm  1 mm were mounted to 

12 mm diameter metal specimen discs with colloidal silver paste (PELCO, Ted Pella, Inc.). The 

surface of the HOPG substrate was cleaved with adhesive tape immediately prior to dosing. For 

STM experiments, one drop of a solution of the porphyrin compound in 1-phenyloctane was 

deposited onto the HOPG surface via syringe ({Ga(TC10P)}2(μ-O2CC6H4CO2), 2.5  10
–4

 M; 

{Ga(TC10P)}2(μ-O2CC16H8CO2), 1.0  10
–4

 M). The STM tip was then engaged through the drop 

and the sample was imaged. 
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A.2. Results and Discussion 

 A.2.1. Preparation and Characterization of Ga-Porphyrin Double Decker 

Complexes. The preparation of the two double-decker complexes, shown in Scheme A.1, was 

adapted from the synthesis of Ga-porphyrin-carboxylate compounds reported in Chapter 3. 

Ga(TC10P)(OH) was previously found to react with carboxylic acids in C6D6 to form 

Ga(TC10P)(O2CR) complexes within ~5 min on the NMR scale in air at room temperature, even 

when the carboxylic acid (such as the C60-modified benzoic acid, C60pyrC6H4CO2H) had low 

solubility. The facile synthesis of the Ga(TC10P)(O2CR) complexes also applied to preparatory 

scale reactions performed in solvents such as toluene and diethyl ether. 

 
Scheme A.1. Molecular structures of DD-1 and DD-2. 

 The synthesis of DD-1 was achieved by reacting Ga(TC10P)(OH) with slightly more than 

0.5 equivalents of terephthalic acid in toluene. Following the procedure used for the preparation 

of Ga(TC10P)(O2CPh) and Ga(TC10P)(O2CFc), the reaction mixture was allowed to stir for 15 

min to ensure completion. Purification of the product also mimicked the procedure used for the 

aforementioned Ga(TC10P)(O2CR) complexes due to the disparity in solubility of DD-1 and 

terephthalic acid in acetonitrile. The formation of DD-1 was established by 
1
H NMR. A sharp 
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singlet at 4.70 ppm corresponded to the upfield shifted aryl proton resonance of the terephthalate 

bridging ligand. Compared to the 
1
H NMR spectrum of Ga(TC10P)(O2CPh) recorded in the same 

solvent (C6D6), where the aryl proton resonances were found around 6 ppm, the upfield shifting 

of the aryl proton resonance of DD-1 is more pronounced, which was expected since the 

terephthalate ligand was subjected to ring current effects from two porphyrin subunits.
3
 The 

1
H 

NMR spectrum of DD-1, however, also revealed the presence of two porphyrinic impurities, as 

shown by the two sharp singlets observed at 9.54 ppm and 9.58 ppm; the former was attributed 

to Ga(TC10P)(OH), and the latter was tentatively assigned as the monomeric 

Ga(TC10P)(O2CC6H4CO2H) due its similarity to the β-H chemical shift of Ga(TC10P)(O2CPh) 

(9.59 ppm in C6D6). The two impurities (~4%) were persistently observed, and could not be 

removed or reduced in quantity through repeated precipitation from THF/acetonitrile. 

 DD-2 was initially prepared by the same procedure, and the unreacted pyrene-2,7-

dicarboxylic acid was expected to be easily separable from the reaction mixture by filtration due 

to its insolubility in toluene. However, the crude samples of DD-2 were found to be only slightly 

soluble in toluene and required temperature of ~60 °C to dissolve (solutions with a concentration 

of 0.1 mM could be prepared), therefore modifications of the preparation method were required. 

In the modified procedure, pyridine was used as the solvent since both of the reactants were 

soluble, and a slight excess of Ga(TC10P)(OH) was used to ensure complete consumption of 

pyrene-2,7-dicarboyxlic acid. The reaction mixture was heated at reflux for 1 h to ensure 

completion. After the volatile components were removed in vacuo, the crude reaction mixture 

was suspended in toluene and filtered to provide the product, which was washed with additional 

aliquots of toluene and hexanes to remove unreacted Ga(TC10P)(OH) and possibly the 

monomeric Ga(TC10P)(O2CC16H8CO2H). The formation of DD-2 was confirmed by 
1
H NMR 
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characterization, where two sharp singlets at 6.33 ppm and 6.25 ppm, corresponding to the 

pyrenyl proton resonances, were observed. An impurity was consistently observed at 1.37 ppm, 

which was not removed by repeated washings with toluene and hexanes. However, since only 

one set of porphyrinic resonances was present, the impurity was thought to be unrelated to 

Ga(TC10P)(OH) and Ga(TC10P)(O2CC16H8CO2H). 

 A.2.2. STM Imaging of the Double-Decker Complexes at the 1-Phenyloctane/HOPG 

Interface. The surface chemistry of the double-decker complexes was investigated at the 1-

phenyloctane/HOPG interface. Deposition of a 2.5  10
–4

 M DD-1 solution in 1-phenyloctane on 

HOPG results in the formation of monolayers spanning tens of nanometers in width (Figure A.1).  

The adsorbed molecules appear as bright, disc-like features that exhibit apparent heights of ~1.5–

2 Å, which is similar to the appearance of H2TC10P molecules adsorbed on HOPG (see Chapter 

2). The packing structure is described by the lattice parameters a = 1.68 ± 0.05 nm, b = 2.07 ± 

0.03 nm, Γ = 76 ± 2°, which is similar to but distinct from the β structure exhibited by a number 

of Ga(TC10P)X complexes (X = Cl, OH, OPh; a = 1.7 nm, b = 2.1 nm, Γ = 70°) owing to the 

difference between their lattice angles. These observations are consistent with a structure in 

which one of the porphyrin cores of DD-1 is aligned parallel to the surface, with the second 

porphyrin forming part of a planar array placed above the surface by the terephthalate linker. 

Additional bias-dependence measurements are required to further elucidate their alignment. It is 

unlikely that these monolayers are associated with the trace impurities attributed to monomeric 

species (Ga(TC10P)(OH) and possibly Ga(TC10P)(O2CC6H4CO2H)) because of the unique unit 

cell parameters.  
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Figure A.1. STM images and cross-sectional profile of DD-1 monolayers on HOPG at the solid–

liquid interface (1-phenyloctane, 2.5  10
–4

 M; left: I = 7 pA, V = −1050 mV; right: I = 10 pA, V 

= −975 mV). The cross-sectional profile corresponds to the teal line in the image, drawn along 

the b lattice vector. 

 Due to the lower solubility of DD-2 in 1-phenyloctane compared to DD-1, the STM 

solution was prepared at a concentration of 1.0  10
–4

 M. Deposition of the DD-2 solution on 

HOPG results in the formation of ordered monolayers, although a large number of small domains 

is observed as shown in the 100 nm × 100 nm STM image (Figure A.2). All of the observed 

domains exhibited a square lattice which had lattice vectors of ~1 nm, and a lattice angle of ~90°. 

The unit cell area is calculated to be ~1 nm
2
, which is the same as the estimated surface-contact 

area of porphyrin ring.
4
 If the monolayer consisted of DD-2 molecules, the unit cell area would 

require that none of the decyl chains be adsorbed; this is unlikely to result in a stable monolayer. 

While the observed structure does not resemble monolayers formed by TC10P-based compounds, 

it is consistent with monolayers of pyrene-2,7-dicarboxylic acid studied formed at the solid-

liquid interface.
1
 In the reported system, which was prepared from a suspension of pyrene-2,7-
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dicarboxylic acid in a mixture of heptanoic acid, 1,2,4-trichlorobenzene, and 1-undecanol in 

amounts equivalent to concentrations of approximately 10
-4

 M, monolayers exhibiting a square 

lattice were observed that were attributed to the hydrogen-bonding driven close-packing of 

pyrene-2,7-dicarboxylic acid molecules. 

   
Figure A.2. STM images of an HOPG surface after the addition of a DD-2 solution obtained at 

the solid–liquid interface (1-phenyloctane, 2.5  10
–4

 M; I = 8 pA, V = −800 mV).  

 To account for the possibility that the observed structure is a result of the formation of 

self-assembled monolayer by a trace pyrene-2,7-dicarboxylic acid impurity in the DD-2 sample, 

the preparation of pyrene-2,7-dicarboxylic acid is attempted by adding a drop of 1-phenyloctane 

sonicated with pyrene-2,7-dicarboxylic acid on HOPG. STM imaging on multiple samples only 

shows bare HOPG, suggesting that pyrene-2,7-dicarboxylic acid monolayers cannot be prepared 

with 1-phenyloctane as the solvent. We do not yet understand why monolayers of pyrene-2,7-

dicarboxylic acid are formed from DD-2 solutions when they cannot be prepared directly from 

the neat compound under comparable conditions.  
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APPENDIX B 

Density Functional Theory Calculations of Gallium–Porphyrin Complexes 

B.1. Experimental Section 

B.1.1. Density Functional Theory (DFT) Calculations. Calculations were performed 

using Gaussian09.
1
 Calculations employed the B3P86 functional,

2, 3
 which was determined by a 

previous density functional benchmarking study to provide the best agreement between the 

calculated and experimentally determined molecular structures of Ga(octaethylporphyrin)Cl.
4
 All 

calculations were performed on compounds in which the porphyrin 5,10,15,20-

tetramethylporphyrin (TMeP) is used to model TC10P. The LANL2DZ effective core potential 

basis set was used for Ga
5
, Fe

6
 and Ni,

6
 while the 6-31G* basis set

7, 8
 was used for all other 

atoms. No imaginary frequencies were obtained in subsequent vibrational calculations, 

confirming that the optimized structures reside at potential-surface minima. 

B.2. Results and Discussion 

B.2.1. DFT Calculations of Ga(TMeP)Cl and Ga(TMeP)(OPE) Complexes. The gas-

phase molecular structures of the model complexes Ga(TMeP)Cl and Ga(TMeP)(OPE) (denoted 

1′, 2′, 3′ see Chapter 2) were calculated using density functional theory in order to probe the 

influence of the axial ligand on the porphyrin core structure, with the aim of correlating any 

pronounced structural differences with the observed variations in adsorption behavior. The 

structure of 4-coordinate Ni(TMeP) was also calculated to provide a reference point for the 

structural effects of axial ligands. The calculated structures are shown in Figures B.1 (NiTMeP, 

Ga(TMeP)Cl) and Figure B.2 (Compounds 1′–3′); selected bond distances and bond angles are 

presented in Table B.1. 
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Figure B.1. Gas-phase DFT optimized structures of (A) NiTMeP and (B) Ga(TMeP)Cl. Atoms 

are color coded: Ga, pink; N, blue; C, black; O, red; H, white; Cl, light green; Ni, dark green. (C) 

Illustration of the ruf distortion.  

Table B.1. Selected Bond Distances (Å) and Angles (°) for Ga(TMeP)Cl and Compounds 1′–3′ 

Complexes Calculated by Density Functional Theory. 

  Compound 

Nuclei NiTMeP Ga(TMeP)Cl 1′ 2′ 3′ 

M–X - 2.2360 1.9580 1.9612 1.9621 

M–N(1) 1.921 2.040 2.058 2.057 2.057 

M–N(2) 1.921 2.040 2.057 2.057 2.057 

M–N(3) 1.921 2.040 2.059 2.056 2.056 

M–N(4) 1.921 2.040 2.059 2.056 2.056 

N(1)–M–X - 102.9 104.5 104.2 104.2 

N(2)–M–X - 102.9 104.5 104.1 104.2 

N(3)–M–X - 102.9 104.4 104.4 104.3 

N(4)–M–X - 102.9 104.4 104.4 104.3 

Ruffling Dihedral 38.1 23.4 23.5 23.6 23.7 

 

Ga(TMeP)Cl is investigated to provide a reference point for the degree of core distortion 

that was inherent to meso-alkyl-substituted five-coordinate gallium complexes. As shown by its 
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optimized gas-phase structure in Figure B.1b, the porphyrin core of Ga(TMeP)Cl is distorted in 

the ruffled (ruf) conformation. The ruf deformation is characterized by the twisting of opposite 

pyrroles rings in opposite directions, which results in the distortion of the C20 plane with the 

meso carbons exhibiting the largest out-of-plane displacements; the N4 plane, on the other hand, 

remains undistorted (Figure B.1c).
9
 This mode of core distortion has been observed in crystal 

structures
10-13

 and computational models
14

 of 5,10,15,20-tetraalkylporphyrins with meso-

substituents of various steric bulk. The magnitude of the ruffling deformation can be described 

by the cis Cα–N–N–Cα dihedral (ruffing dihedral) angle between opposite pyrrole rings, where a 

smaller angle represents distortion to a lesser degree.
15

 The ruffling dihedral angle of 

Ga(TMeP)Cl is 26.2° (Table B.1), which is smaller than the ruffling dihedral angle calculated for 

NiTMeP (38.1°), showing that the incorporation of the GaCl subunit reduces the degree of core 

distortion. The four-fold symmetry of the inner core represented by the N4 plane is preserved, as 

shown by the equivalence in the Ga–N bond lengths (2.040 Å) and the N–Ga–Cl bond angles 

(102.9°).  

Previous work in our group has shown the introduction of CCPh as an axial ligand did 

not disrupt the approximate C4v symmetry exhibited by other Ga(OEP)X (X = Cl, Br, I) 

complexes, but resulted in increased Ga–N bond lengths and N–Ga–X bond angles, accompanied 

by an increase in the degree of domed distortion.
4
 A comparison between the calculated 

structures of compounds 1′–3′ to Ga(TMeP)Cl shows a similar increase in Ga–N bond lengths 

and N–Ga–X bond angles, signifying an increase in protrusion of the Ga atom from the N4 plane. 

Although the introduction of the OPE ligands produces slight distortions from the local C4v 

symmetry of the inner core (1′: (N–Ga–C) = 104.4–104.5˚, d(Ga–N) = 2.057–2.059 Å; 2′: 

(N–Ga–C) = 104.1–104.4˚, d(Ga–N) = 2.056–2.057 Å; 3′: (N–Ga–C) = 104.2–104.3˚, d(Ga–
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N) = 2.056–2.057 Å), unlike the symmetric core of Ga(TMeP)Cl, the magnitudes of the 

distortions are independent of OPE length. The local D2d symmetry of the C20 core of all 

complexes largely ligand incorporation, as shown by the equivalence in all four cis Cα–N–N–Cα 

dihedral angles found in all complexes. 

The degree of ruffling of compounds 1′–3′, as measured by their ruffling dihedral angles 

(23.5–23.7°), are nearly identical to those of Ga(TMeP)Cl, suggesting that both the incorporation 

of CCR ligands and variation in OPE ligand length have little influence over the C20 plane 

distortion. Based on the comparisons between the calculated structures of Ga(TMeP)Cl and 

compounds  1′–3′,  it is unlikely that the observed differences in self-assembling behavior 

exhibited by Ga(TC10P)Cl and the Ga(TC10P)(OPE) complexes can be attributed to differences in 

porphyrin core distortions.  
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Figure B.2a–c. Gas-phase DFT optimized structures of compounds 1′, 2′, and 3′. Atoms are 

color coded: Ga, pink; N, blue; C, black; O, red; H, white. 
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B.2.2. DFT Calculations on Ga(TMeP)(OR) and Ga(TMeP)(O2CR) Complexes. The 

gas-phase molecular structures of Ga(TMeP)(OH), Ga(TMeP)(OR), and Ga(TCMeP)(O2CR) 

model complexes were calculated using density functional theory in order to probe the influence 

of the axial ligand on the porphyrin core structure. The calculated structures are shown in Figures 

B.3; selected bond distances and bond angles are presented in Tables B.2 and B.3. 

 

 

 

Figure B.3a–c. Gas-phase DFT optimized structures of (A) Ga(TMeP)(OH), (B) 

Ga(TMeP)(OPh), and (C) Ga(TMeP)(FME). Atoms are color coded: Ga, pink; N, blue; C, black; 

O, red; H, white. 
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Figure 3.3d–g. Gas-phase DFT optimized structures of (D) [Ga(TMeP)(OC6H4py)]
+
, (E) 

Ga(TMeP)(O2CPh), (F) Ga(TMeP)(O2CFc), and (G) Ga(TMeP)(O2CC6H4pyrC60). Atoms are 

color coded: Ga, pink; N, blue; C, black; O, red; H, white; Fe, purple. 
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Table B.2. Selected Bond Distances (Å) and Angles (°) for Ga(TMeP)(OR) Complexes 

Calculated by Density Functional Theory. 

 Compound 

Nuclei Ga(TMeP) 

(OH) 

Ga(TMeP) 

(OPh) 

[Ga(TMeP) 

(OC6H4py)]
+
 

Ga(TMeP) 

(FME) 

Ga–O 1.7900 1.8190 1.8844 1.8465 

Ga–N(1) 2.048 2.043 2.019 2.035 

Ga–N(2) 2.066 2.045 2.028 2.039 

Ga–N(3) 2.067 2.040 2.027 2.045 

Ga–N(4) 2.060 2.043 2.018 2.044 

Ga–N(avg) 2.060 2.043 2.023 2.041 

N(1)–Ga–O 101.4 99.3 97.7 96.6 

N(2)–Ga–O 106.9 107.6 104.2 107.5 

N(3)–Ga–O 105.6 99.3 103.9 106.8 

N(4)–Ga–O 104.6 107.0 97.7 98.0 

N–Ga–O(avg) 104.6 103.3 100.9 102.2 

Ga–O–R 114.0 135.7 137.1 137.5 

Cα–N–N–Cα 21.7 26.1 23.7 18.4 

 23.1 24.4 26.6 20.6 

 22.1 24.7 24.0 20.5 

 22.6 25.8 26.5 17.7 

Cα–N–N–Cα (avg) 22.4 25.3 25.2 19.3 
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Table B.3. Selected Bond Distances (Å) and Angles (°) for Ga(TMeP)(O2CR) Complexes 

Calculated by Density Functional Theory. 

 Compound 

Nuclei Ga(TMeP)(O2CPh) Ga(TMeP)(O2CFc) Ga(TMeP)(O2CC6H4pyrC60) 

Ga–O 1.8624 1.8582 1.8648 

Ga–N(1) 2.049 2.033 2.047 

Ga–N(2) 2.031 2.053 2.030 

Ga–N(3) 2.031 2.034 2.031 

Ga–N(4) 2.048 2.048 2.047 

Ga–N(avg) 2.040 2.042 2.039 

N(1)–Ga–O 98.5 107.2 98.6 

N(2)–Ga–O 106.5 98.3 106.2 

N(3)–Ga–O 106.4 105.9 106.2 

N(4)–Ga–O 98.7 99.2 98.5 

N–Ga–O(avg) 102.5 102.7 102.4 

Ga–O–R 122.7 122.9 123.0 

Cα–N–N–Cα 23.4 23.0 23.5 

 21.4 20.6 21.3 

 23.5 20.5 23.3 

 21.3 22.9 21.4 

Cα–N–N–Cα (avg) 22.4 21.8 22.4 

 

 The porphyrin cores of all complexes exhibit a ruffled structure, like those of 

Ga(TMeP)Cl and the Ga(TMeP)(OPE) complexes. Unlike the Ga(TMeP)(OPE) complexes, the 

axial ligands of Ga(TMeP)(OR) and Ga(TMeP)(O2CR) complexes are axially unsymmetrical, 

which produce larger deviations in the N4–Ga–R subunit; this is shown by the variations in Ga–

N bond lengths, N–Ga–O bond angles, the ruffling dihedral angles (Table B.2, B.3). For the 

Ga(TMeP)(OR) complexes, the distortions in the N4–Ga–O subunit mainly manifest in two sets 

of larger (e.g. Ga(TMeP)(OPh): (Ga–O–R) = 107.0°, 107.6°) and smaller (e.g. 

Ga(TMeP)(OPh): (Ga–O–R) = 99.3°, 99.3°) N–Ga–O bond angles, which is a result of the 

tilting of the Ga-aryloxide linkage towards the porphyrin plane ((Ga–O–R) = 135.7–137.5˚) as 
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well as the ligand orientations with respect to the N4 plane. Similarly, the ruffling of the C20 

cores of the Ga(TMeP)(OR) complexes are described by two sets of larger and smaller ruffling 

dihedral angles. However, the degree of ruffling varies between the three Ga(TMeP)(OR) 

complexes, with Ga(TMeP)(OPh) (average (Cα–N–N–Cα): 25.3°) and [Ga(TMeP)(OC6H4py)]
+
 

(average (Cα–N–N–Cα): 25.2°) exhibiting greater ruffling distortions compared to Ga(TMeP)Cl 

and the Ga(TMeP)(OPE) complexes, and Ga(TMeP)(FME) having a flatter C20 core (average 

(Cα–N–N–Cα): 19.3°). The structural characteristics of the axial ligand that determine the 

magnitude of deformation is unclear.  

 For the Ga(TMeP)(O2CR) complexes, the axial asymmetry of the ligands also results in 

inequivalent Ga–N bond lengths, N–Ga–O bond angles, and ruffling dihedral angles, breaking 

the local C4v symmetry of the N4–Ga–O subunit and D2d symmetry of the C20 core. All three 

structural parameters can be divided into two sets of larger and smaller values as a result of the 

alignment of the carboxylate subunit along the plane bisecting the two sets of Ga–N bonds. 

However, compared to the Ga(TMeP)(OR) complexes, the differences between the porphyrin 

structures of the three Ga(TMeP)(O2CR) complexes are small, which can be attributed to the R 

group of the three complexes being oriented away from the porphyrin core by the carboxylic acid 

linker.  

 Although the observed differences in the surface chemistry of Ga(TC10P)Cl and 

Ga(TC10P)(OPE) complexes cannot be explained by the various porphyrin distortions, due to 

their subtle differences, the larger structural variations induced by the aryloxide and carboxylate 

ligands are larger and may influence the surface chemistry. Further theoretical and experimental 

work will be required to understand the relationship between molecular structure and self-

assembling behavior. 
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