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Abstract: Porphyrins and metalloporphyrins have unique chemical and electronic properties and 
thus provide useful model structures for studies of nanoscale electronic properties. The rigid planar 
structures and -conjugated backbones of porphyrins convey robust electrical characteristics. For our 
investigations, cobaltacarborane porphyrins were synthesized using a ring-opening zwitterionic 
reaction to produce isomers with selected arrangements of carborane clusters on each macrocycle. 
Experiments were designed to investigate how the molecular structure influences the self-
organization, surface assembly, and conductive properties of three molecular structures with 2, 4, or 
8 cobaltacarborane substituents. Current versus voltage (I-V) spectra for designed cobaltacarborane 
porphyrins deposited on conductive gold substrates were acquired using conductive probe atomic 
force microscopy (CP-AFM). Characterizations with CP-AFM provide capabilities for obtaining 
physical measurements and structural information with unprecedented sensitivity. We found that the 
morphology of cobaltacarborane porphyrin structures formed on surfaces depends on a complex 
interplay of factors such as the solvent used for dissolution, the nature of the substrate, and the design 
of the parent molecule. The conductive properties of cobaltacarborane porphyrins were observed to 
change according to the arrangement of cobaltacarborane substituents. Specifically, the number and 
placement of the cobaltacarborane ligands on the porphyrin macrocycle affect the interactions that 
drive porphyrin self-assembly and crystallization. Interestingly, coulombic staircase I-V profiles 
were detected for a porphyrin with two cobaltacarborane substituents. 
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1.  Introduction 

The choice of studying model systems of porphyrins is highly practical, because of the 
associated properties of this functional class of molecules. Porphyrin and metalloporphyrin systems 
are excellent materials for molecular electronics, due to their diverse structural motifs and associated 
electrical, optical and chemical properties, and thermal stability [1–6]. At a basic level, electronic 
properties are controlled by the degree of π delocalization [7]. Porphyrins can be organized into 
supramolecular arrays, aggregates and crystals with diverse functions. The rigid planar structures and 
π- conjugated backbone of porphyrins convey robust electrical characteristics. The porphyrin 
macrocycle consists of four pyrrole rings joined by four methine carbons. The architecture of 
porphyrins has been proposed as viable for electronic components for molecular-based information-
storage devices [8–11], gas sensors [12,13], photovoltaic cells [14,15], organic light-emitting  
diodes [16–19], and molecular wires [20,21,22]. 

Synthesis of cobaltacarborane porphyrin conjugates was first reported by  
Vicente et al [23,24,25]. The cobaltacarborane ligand consists of an alkoxy chain terminated with 
two carborane cages with a single cobalt atom situated between the carboranes [23–27]. The 
abundance of boron in the cobaltacarborane ligands was studied for potential applications in boron 
neutron capture therapy [23,24]. The cobaltabisdicarbollide anion in the cobaltacarborane ligand 
were studied for attributes of chemical, thermal, and photostability [5,24]. In this report, the 
conductive properties of selected cobaltacarboranes were investigated for potential applications in 
molecular electronics. 

Research in the molecular electronics field has been advanced by the invention of the scanning 
tunneling and atomic force microscopes. Scanning probe microscopes have advantages for 
investigating nanoscale phenomena, with capabilities to acquire images with nanometer resolution as 
well as to make spectroscopy measurements of single molecules or clusters [28]. Scanning probe 
techniques (e.g. scanning tunneling microscopy, conductive probe AFM, scanning ionic capacitance 
microscopy, scanning electrochemical microscopy, Kelvin Probe AFM, electrostatic force AFM) can 
be used to obtain electronic information of molecular systems [28–33]. Scanning probe 
measurements have been used to examine electronic properties such as conductance, dielectric 
constants and capacitance while providing surface views and topographic information of the  
samples [29–36]. For conductive probe atomic force microscopy (CP-AFM), a conductive tip is 
scanned across the sample, while a bias is applied to the substrate. Most commonly, the current is 
measured by a sensitive preamp, located near the probe. With CP-AFM, two types of data acquisition 
are possible: a conductive map of the sample surface and a current voltage profile of selected local 
areas of the surface. The feedback mechanism of CP-AFM is based on applying a chosen force set-
point; therefore, the conductive AFM probe remains in direct contact with the sample during 
spectroscopy measurements.  

For these investigations, selected cobaltacarborane porphyrins were investigated using contact 
mode and CP-AFM to evaluate the role of molecular structure for surface assembly, self-aggregation 
and conductive properties. Specifically, changes with surface measurements were evaluated and 
compared according to the numbers and arrangement of substituents. 
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2. Materials and Methods 

2.1.  Sample Preparation  

Gold substrates, Au(111)/mica, were purchased from Agilent Technologies, Inc. (Chandler, AZ). 
Cobaltacarborane porphyrins were synthesized as previously reported [24]. The gold substrates were 
rinsed with deionized water, then a 15 µl drop of porphyrin solution (10−6 M) was deposited on the 
gold substrate and dried in ambient conditions overnight. 

2.2. Atomic Force Microscopy (AFM)  

Conductive probe atomic force microscopy (CP-AFM) experiments were accomplished in air 
with a model 5500 AFM/SPM from Agilent equipped with Picoscan v5.3 software. Triangular 
cantilevers with a tip radius of less than 35 nm, tip height of 20–25 µm and a force constant of 6.0 N 
m-1 were used for contact mode imaging and CP-AFM, the tips were acquired from MikroMasch 
(San Jose, CA). A copper wire was placed in physical contact with the gold substrate, so that a bias 
could be applied to the sample (± 10.0 V). Digital images were processed using Gwyddion  
software [37].  

3. Results and Discussion 

Tetraphenyl porphyrin macrocycles were functionalized with 2, 4, or 8 cobaltacarborane 
substituents arranged as shown in Figure 1. The cobaltacarborane porphyrins were synthesized via a 
ring-opening zwitterionic reaction in high yields (90–97%), as previously reported [23,38]. Each of 
the substituents contains a cobalt atom which is coordinated between two carborane cages. The 
numbers and arrangement of the cobaltacarboranes should systematically influence the measured I-V 
characteristics, thus providing a model surface material for CP-AFM.  

 

Figure 1. Cobaltacarborane porphyrins selected for AFM studies. 

The symmetry of the molecules and arrangement of cobaltacarborane moieties was found to 
influence the surface assembly and molecular aggregation of samples prepared on Au(111). 
Representative images (topography and corresponding lateral force frames) of the three 
cobaltacarborane porphyrin (Co-Por) samples of Figure 1 are presented in Figure 2. Typically, 
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porphyrin macrocycles orient on the surface in a coplanar configuration, and stack together to form 
columnar assemblies. However, the nature and size of substituents influences the surface 
arrangement and self-aggregation of the nanocrystals. With two cobaltacarborane ligand for Co-Por 1, 
the surface assemblies exhibit polydisperse sizes arranged randomly across the surface of gold 
(Figures 2A–2B). The nanocrystals tend to attach near the edges of the gold steps, however there is 
sufficient surface density for stacks to locate at terrace sites. The thickness and lateral dimensions of 
the nanostructures were disperse, however the geometry retained a nearly spherical shape. With four 
cobaltacarborane ligands oriented symmetrically as shown for Co-Por 2, the surface structures 
changed to exhibit a rod-like or needle shape (Figures 2C–2D). There does not seem to be any 
preferential attachment to the edges of gold steps, the nanocrystals of Co-Por 2 are regularly shaped 
and randomly distributed throughout areas of the surface. With eight cobaltacarborane ligands, Co-
Por 3 forms exquisitely regular spherical stacks that locate at the step edges of the gold surface 
(Figures 2E-2F). The vertical and lateral dimensions of the nanocrystals are relatively monodisperse, 
and tended to form linear assemblies that decorate step edges. 

 

Figure 2. Cobaltacarborane porphyrin samples prepared on gold, imaged with contact 
mode AFM. The top row shows the topography frames, and the simultaneously acquired 
lateral force images are shown below. (A) Co-Por 1, topography;(B) Co-Por 2, lateral 
force frame; (C) Co-Por 2, topography frame; (D) Co-Por 2, lateral force frame; (E) Co-
Por 3, topography frame; (F) Co-Por 3, lateral force image.  
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The systematic changes in surface shapes and dispersity highlight the role of molecular structure 
for surface assembly of the cobaltacarborane porphyrins. Previous studies with porphyrins have 
shown that pi-pi intermolecular interactions are a dominant force for directing macrocycles to 
assemble into stack structures, with the plane of the macrocycle aligning with the substrate. 
Differences in the number and placement of cobaltacarborane ligands led to changes in the shapes of 
surface assemblies, as well as in the arrangement to form linear chains or dispersed islands. The 
asymmetric arrangement of two cobaltacarborane ligands for Co-Por 1 produced a wider range of 
sizes and dispersity. The symmetric para arrangement of four ligands for Co-Por 2 produced 
elliptical rod shapes of symmetric crystals. A highly uniform spherical shape and size was observed 
for Co-Por 3, with eight ligands arranged symmetrically around the macrocycle. The selected 
cobaltacarborane molecules nicely demonstrate that molecular symmetry directs the 3-D assembly of 
macromolecules to form nanocrystal shapes. 

 

Figure 3. Magnified view of cobaltacarborane porphyrin nanocrystals on gold, imaged 
with contact mode AFM. (A) Topography; (B) lateral force and (C) example cursor 
profile for Co-Por 1. (D) Topography; (E) lateral force and (F) corresponding cursor 
profile for Co-Por 2.(G) Topography; (H) lateral force and (I) cursor profile for Co-Por 3. 
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A zoom-in view of the cobaltacarborane porphyrin nanocrystals is shown side-by-side in Figure 
3. The shapes and surface arrangement of each molecular structure are compared with topography 
frames in the top row, and the edges of the crystals are more clearly resolved in the corresponding 
lateral force images in the middle row. The heights of a few nanocrystals are shown with example 
cursor line profiles in the bottom panels. For the nonsymmetric structure of Co-Por 1 (Figures 3A 
and 3B) the nanocrystals have a mostly spherical shape, exhibiting a range of sizes. Many of the 
crystals are located at step edges, however a few are located within terrace sites. The step edges can 
be resolved in the lateral force frame, Figure 3B. A cursor profile indicated the heights of three 
nanocrystals of Co-Por 1 were 11, 23 and 18 nm, from left to right. In contrast, the rod-like shape of 
the para substituents of Co-Por 2 are viewed in Figures 3D and 3E. The segregated islands of Co-Por 
2 do not appear to attach preferentially at sites of step edges and are randomly distributed across the 
surface. The heights of three nanocrystals outlined in Figure 3D were 11, 13, and 12 nm (Figure 3F).  

A close-up view (3 × 3 µm2) of densely packed nanostructures of Co-Por 3 is shown in Figures 
3G-3H. At this magnification the linear arrangement of chains of near-spherical nanocrystals can be 
resolved, and some of the crystals have begun to pile together into taller aggregations. A cursor 
profile across nine nanocrystals (Figure 3I) indicates heights ranging from 2 to 8 nm. 

The distribution of heights for the cobaltacarborane porphyrins is presented with size 
histograms in Figure 4. The widest range of sizes is observed for Co-Por 1, ranging up to 40 nm in 
height with an average measuring 15 ± 7.2 nm. A smaller range of sizes (up to 25 nm in height) was 
observed for tetra-substituted Co-Por 2, with an average height measuring 14 ± 3 nm. The narrowest 
size range and smallest nanostructures were observed for the octa-substituted Co-Por 3, with an 
average height measuring 4 ± 1 nm. Porphyrin nanocrystals consist of multiple molecular layers 
assembled in a stacked arrangement. The cobaltacarborane ligands appear to interfere with the 
molecular self-assembly. The structure with the fewest ligands (Co-Por 1) formed taller stacks, 
whereas increasing the numbers of substituents produced smaller structures. With a fully substituted 
arrangement with eight cobaltacarborane ligands, smaller crystals formed, likelydue to steric effects. 
Very slight changes in the concentration of the sample or the volume of deposited liquid can lead to 
polydispersity at the nanoscale. In the examples shown, the arrangement of cobaltacarborane 
substituents around the macrocycle also has an influence on the polydispersity and general size of the 
nanodots.  

 

Figure 4. Height distribution measured with cursor profiles for cobaltacarborane 
porphyrins (n = 100): (A) Co-Por 1; (B) Co-Por 2; and (C) Co-Por 3. 
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Representative current-voltage profiles of the cobaltacarborane porphyrins are compared in 
Figure 5. To ensure that the sample is not oxidized, a single measurement was made for each 
nanostructure, and the images shown are representative of multiple measurements within the sample 
area. The electrical transport properties of the three samples are distinct as regards the magnitude of 
the measured current and onset of conduction. A staircase profile was reproducibly detected for Co-
Por 1, indicative of Coulombic charging (Figure 5A). Discrete increments of 2 nA currentwere 
measured at approximately 1 V intervals for the molecule designed with two cobaltacarborane 
substituents. Coulombic behavior was not detected for the other samples. An I-V curve that is typical 
of a semiconductive sample was revealed for Co-Por 2, with an asymmetric profile (Figure 5B). The 
onset of current was detected at −8 V and + 5 V, within a measuring range below 0.1 nA. The I-V 
profile for Co-Por 3 was also asymmetric, (Figure 5C) however the magnitude of current ranged     
±2 nA. The current onset was detected at ~ 0.05 V for this sample. 

The size of the nanostructures did not show apparent differences in I-V profiles. Regarding the 
Coulombic profiles of Co-Por 1, there have been previous reports of current profiles with Coulombic 
staircase characteristics obtained at room temperature.[39,40] Wakayama et al. reported that organic 
molecules could be used as Coulomb islands of single-electron tunneling devices; a porphyrin 
derivative (tetrakis-3,5 di-t-butylphenyl-porphyrin (H2-TBPP)) was found to be suitable as a 
Coulomb island. The H2-TBPP was layered between SiO2 on Si(100) and was investigated with STM 
at 5K under ultra-high vacuum.[41] 

 

Figure 5. Height distribution measured with cursor profiles for cobaltacarborane 
porphyrins (n = 100): (A) Co-Por 1; (B) Co-Por 2; and (C) Co-Por 3.  

The selected cobaltacarborane porphyrins provide an interesting comparison of how the length 
of the pathways influence the transport of electrons through the molecules. The asymmetric 
arrangement of substituents for CoPor 1 resulted in a molecular pathway that produced a staircase 
shaped I-V profile. Both the molecular configuration and size of nanostructures of Co-Por 2 and 
CoPor 3 influenced the magnitude and symmetry of I-V profiles (Figure 5). Comparing 2 and 3 we 
observe that the larger (Co-Por 2) nanostructures sustained a wider range of current, whereas the 
smaller nanoislands of Co-Por 3 ranged within ±1 V.  

4. Conclusion 

In the future, the conductive properties of selected molecular architectures will be accurately 
computed using theoretical approaches. However, currently there is a need for accurate and 
reproducible experimental measurements of conductive properties of molecular architectures for 
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reliable comparison to theoretical models of charge transport in molecular systems. Systematic 
changes in surface shapes and dispersity shown with AFM images of porphyrin nanostructures 
illustrated the critical role of molecular structure for the self-assembly of cobaltacarborane 
porphyrins on surfaces. The conductive properties of cobaltacarborane porphyrins changed according 
to the numbers and arrangement of substituents. It is critical to know the organization and 
arrangement of molecules on surfaces when modeling charge transport. We anticipate that well-
defined arrangements of molecules and aggregates on surfaces will lead to accurate and reproducible 
local measurements of charge transport for different pathways through the molecules and provide 
insight on structure/property relationships. 
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