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Abstract—Ruthenium porphyrin functionalised single-walled 
carbon nanotube arrays have been prepared using coordination 
of the axial position of the metal ion onto 4-aminopyridine pre-
assembled single-walled carbon nanotubes directly anchored to a 
silicon(100) surface (SWCNTs-Si). The formation of these 
ruthenium porphyrin functionalised single-walled carbon 
nanotube array electrodes (RuTPP-SWCNTs-Si) has been 
monitored using infra-red spectroscopy (IR), differential pulse 
voltammetry (DPV), and cyclic voltammetry. Mixed assembly of 
ferrocene/porphyrin onto carbon nanotube arrays has been 
achieved by altering the ratio of two redox-active species in the 
deposition solution. These results suggest these ruthenium 
porphyrin modified electrodes are excellent candidates for 
molecular memory devices. 
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I.  INTRODUCTION 
Molecular electronics have been gaining more attention in 

the past few decades because of the intrinsic scalability of 
molecular properties and the ability to tune these electronic 
properties over a broad range through molecular design and 
chemical synthesis [1]. For example, nanoscale molecular-
electronic circuits consisting of a molecular monolayer of 
rotaxanes (~1100 molecules) have been successfully fabricated 
and tested by Yong Chen and his co-workers [2]. Recently 
Lindsey, Bocian and Mirsa have demonstrated that self-
assembled monolayers of electrochemical-active molecules 
(such as porphyrin and ferrocene) on silicon or gold look to be 
a promising alternative for next generation memories [3, 4]. 
We have demonstrated surface-mounted ferrocene using 
covalent immobilisation of an alcohol substituted ferrocene 
derivative to a pre-assembled single-walled carbon nanotubes 
directly anchored to a silicon (100) surface (SWCNT-Si) [5], 
which gave a much higher surface concentration of 
ferrocenemethanol molecules; about 500-1000 times greater 
than the experimentally measured coverage of ferrocene 
directly attached to flat Si(100) surfaces. In order to increase 
memory density, multiple redox states are of special interest for 
memory applications since higher density can be obtained in a 
single memory location [4]. In this paper, we will present the 
preparation and characterization of a mixed assembly of 
ferrocene/porphyrin onto carbon nanotube arrays and 
demonstrate their potential applications for multibit 
information storage. 

II. EXPERIMENTAL 

A. Preparation of ruthenium porphyrin modified SWCNT 
arrays covalently anchored to silicon (100) 
Highly boron doped p-type silicon (100) wafers (0.5 mm 

thickness, 1 m�.cm resistance and polished on one side) were 
purchased from Virginia Semiconductor, Inc. USA. The 
preparation of the attachment of vertically-aligned shortened 
carbon nanotube architectures on a silicon (100) substrate 
(SWCNTs-Si) by chemical anchoring directly to the surface 
followed the procedure reported in our earlier work [5, 6]. The 
schematic representation of the preparation of ruthenium 
porphyrin RuTPP(CO)(EtOH) coordinated to single-walled 
carbon nanotube arrays directly attached to a p-type silicon 
(100) (RuTPP-SWCNTs-Si) is schematically summarised in 
Figure 1.  

 
Figure 1. Schematic representation of the preparation of RuTPP-SWCNTs-

Si. 

After SWCNTs-Si structures were rinsed with copious 
acetone (99.5%, Merck) to remove any unbound reagents and 
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dried with high purity nitrogen flow, they were incubated in a 
N,N’-Dimethylformamide (DMF, 99.8%, Aldrich) solution 
containing 0.01 mol L-1 4-aminopyridine (�99%, Aldrich), 0.5 
mg mL-1 1,3-dicyclohexylcarbodiimide (DCC, 99%, Aldrich) 
and 0.05 mg mL-1 4-(dimethylamino) pyridine for 24 hours at 
room temperature, where DCC is used as a highly efficient 
catalyst for acylation reactions in conjunction with 4-
(dimethylamino)pyridine [7]. The 4-aminopyridine mounted 
SWCNTs-Si surfaces were rinsed with DMF and chloroform in 
turn to get rid of any physically absorbed chemicals, and then 
immersed in a 0.5 mg mL-1 ruthenium porphyrin/chloroform 
solution for 24 hours. The resulting surfaces were washed with 
copious chloroform and then stored in the dark after being 
dried by a high purity nitrogen stream. 

B. Preparation of mixed ferrocenemethanol and ruthenium 
porphyrin modified SWCNTs-Si 
SWCNTs-Si architectures were immersed in the DMF 

solutions containing 0.5 mg mL-1 DCC, 0.05 mg mL-1 4-
(dimethylamino) pyridine, and different molar ratios of 4-
aminopyridine and ferrocenemethanol (97%, Aldrich) for 24 
hours, where the concentration of 4-aminopyrdine was kept 
constant at 0.01 mol L-1. The process gave ferrocenemethanol 
and 4-aminopyridine covalently bound mixed assembled 
SWCNTs-Si. The resulting surfaces were washed by DMF and 
chloroform solvents subsequently to remove any unreacted 
reagents, then immersed in a chloroform solution of 0.5 mg 
mL-1 ruthenium porphyrin, RuTPP(CO)(EtOH) for 24 hours. 
The metalloporphyrin coordinated to the surface-mounted 4-
aminopyridin forming a mixed assembly of ferrocenemethanol 
and ruthenium porphyrin onto SWCNTs-Si surface 
(Fc/RuTPP-SWCNTs-Si). Figure 2 shows the mixed assembly 
of ferrocene/porphyrin onto carbon nanotube arrays. 

 
Figure 2. Mixed assembly of ferrocene/porphyrin onto carbon nanotube 

arrays. 

C. Surface characterisation 
FTIR spectra were measured using a Bio-RAD FTS-40A 

spectrometer equipped with a MCT (mercury cadmium 
telluride) detector cooled with liquid nitrogen by placing 
silicon (100) plates carefully with the polished side of the 
wafer facing down and contacting with a flat ZnSe ATR 
crystal. The analysis angle was set to 45o for the variable angle 
horizontal ATR accessory (Pike technologies, Inc., USA). All 
electrochemical experiments were performed inside a dry-box 
filled with high purity N2 using a BAS 100B Electrochemical 
Analyzer at room temperature. 

III. RESULTS AND DISCUSSION 

A. Infrared Spectroscopy of RuTPP-SWCNTs-Si structure 
The 4-aminopyridine mounted single walled carbon 

nanotube arrays were achieved by immersing cleaned 
SWCNTs-Si surfaces in a DMF solution containing 0.01 mol 
L-1 4-aminopyridine (�99%, Aldrich), 0.5 mg mL-1 1,3-
dicyclohexylcarbodiimide (DCC, 99%, Aldrich) and 0.05 mg 
mL-1 4-(dimethylamino) pyridine for 24 hours. The FTIR 
spectra of solid phase 4-aminopyridine is shown in Figure 3 
(a), which is similar to the IR spectrum reported by the Spectral 
Database for Organic Compounds [8]. Peaks can be observed 
at 3435, 3289, 3074, 1647, 1598, 1507 and 990 cm-1. The 
peaks at 3435 and 3289 cm-1 are attributed to the N-H 
stretching [9, 10]. The C-H stretching vibrations are usually 
observed in the range 3000–3100 cm�1 [11]. Ring stretching 
vibrations occur in the general region 1600–1300 cm�1[12]. 
These vibrations involve stretching and contraction of all the 
bonds in the ring and interaction between the stretching modes. 
The peak at 990 cm�1 is assigned to the pyridine ring breathing 
mode [13]. For 4-aminopyridine mounted single walled carbon 
nanotube arrays, the signal/noise ratio of FTIR spectrum 
(shown as Curve b in Figure 3) becomes lower but absorption 
peaks at 3780, 3345, 2924, 1658 and 1628 cm-1 are still 
observed. By comparison with the IR spectra of solid phase 4-
aminopyrdine and SWCNTs-Si structures [6], the new doublet 
peak at 1658 and 1628cm-1 are attributed to carbonyl stretching 
from pyridyl-nanotube amide, which proves that 4-
aminopyridine molecules have been covalently immobilised 
onto carbon nanotube array via the formation amide groups. 
The peaks at 3345, 3289 and 2924 cm-1 originate from the 
peaks at 3435, 3289, 3074 cm-1 in Figure 3(a), but shifted to 
lower frequencies because of their covalent immobilisation 
onto SWCNTs-Si surface. Since the broad and strong 
absorption peak observed at 3780 cm-1 has a higher vibration 
frequency than OH stretching observed at SWCNTs-Si surface 
[6], this absorption should be due to the N-H stretching from 
the new formed pyridyl-nanotube amide groups. 

Figure 3. FTIR spectra of the solid phase (a) and surface-mounted (b) 4-
aminopyridine, and solid phase (c) and surface-coordinated (d) ruthenium 

porphyrin. 
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Figure 3(c) shows the FTIR spectrum of solid phase 
ruthenium porphyrin RuTPP(CO)(EtOH). Several strong 
absorption peaks can be observed at 1957 and 1008 cm-1, 
which are attributed to carbonyl stretching [14, 15] and 
porphyrin pyrrole ring breathing mode [16, 17]. After 4-
aminopyridine mounted SWCNTs-Si surfaces were immersed 
in a chloroform solution of 0.5 mg mL-1 ruthenium porphyrin 
for 24 hours, the FTIR spectrum shown in Figure 3(d) is 
observed. The absorption of the axial carbonyl ligand slightly 
shifted from 1957 cm-1 in the starting material to 1980cm-1 
when surface mounted. This shift to higher wavenumbers is 
consistent with axial coordination to the metal atom. Thus, the 
IR analysis indicated that ruthenium porphyrin has self-
assembled onto the carbon nanotube array by coordination of 
immobilised 4-aminopyridine moieties at the axial position of 
the metal ion [15, 18, 19]. 

B. Electrochemical behaviour of RuTPP-SWCNTs-Si 
structure
To confirm the coordination of ruthenium porphyrin onto 4-

aminopyridine covalently immobilised SWCNTs-Si, cyclic 
voltammograms (shown in Figure 4) were measured after 
SWCNTs-Si surfaces were immersed respectively in 0.01 mol 
L-1 4-aminopyridine/DMF with 0.5 mg mL-1 DCC and 0.05 mg 
mL-1 4-(dimethylamino) pyridine for 24 hours, and 
subsequently incubated in 0.5 mg mL-1 
RuTPP(CO)(EtOH)/CHCl3 solution for 24 hours. A significant 
background current and two pairs of redox peaks are observed. 
A large background current is expected because of the rough 
surface and due to pseudocapacitances related to surface 
Faradaic processes of redox active species [20]. Curve (b) in 
Figure 4 shows a baseline subtracted cyclic voltammogram of 
RuTPP-SWCNTs-Si, which is similar to the electrochemical 
behaviour of the RuTPP(CO)(C6H5N) complex in CH2Cl2 
solution on gold electrode (shown as an inset in Figure 4). It is 
clear that there are two pairs of redox peaks at 742 and 1096 
mV with very similar peak intensities. The FWHM is 130 mV 
which is greater than the theoretical value for a single bound 
species implying that there are a variety of interaction 
environments for the attached ruthenium porphyrin molecules 
on the carbon nanotubes.  

 
Figure 4. Cyclic voltammograms of ruthenium porphyrin coordinated to 

SWCNT-Si. Original CV curve (a) and after baseline subtraction (b). Inset: 
CV on gold in ruthenium porphyrin/CH2Cl2 solution. 

The surface concentration of ruthenium porphyrin 
molecules can be determined using the areas under the 
oxidation peaks of the voltammograms [21]. These 
measurements indicate that there are 3.44�10-8 mol cm-2 
ruthenium porphyrin molecules, which is about 250 times 
greater than the amount of zinc(II) trimesitylporphyrin directly 
attached to Si(100) surfaces [4, 22] and about 3 times less than 
the amount of surface mounted ferrocenemethanol onto 
SWCNT arrays directly anchored to silicon (100) [5]. 
Obviously, due to the two readily available oxidisation sates, 
the ruthenium porphyrin coordinated SWCNTs-Si 
nanostructure could serve as the active storage medium in 
molecular memory devices with information stored in the 
discrete redox states of the molecules. 

C. Mixed assembly of ferrocene/porphyrin onto carbon 
nanotube arrays  
Figure 5 shows the differential pulse voltammograms of 

mixed assembly of ferrocenemethanol/ruthenium porphyrin 
onto carbon nanotube arrays. It is clear that each curve shows 
three well separated peaks at around 370, 720 and 1048 mV. 
Moreover with the increasing the molar ratio of Fc/pyridine in 
DMF solutions, the peak current at 370 mV becomes bigger, 
but the peak currents at both 720 and 1048 mV get smaller. 
Obviously the peak at 370 mV is attributed the oxidation of 
surface-mounted ferrocenemethanol molecules as observed 
previously [5]. The peaks at both 720 and 1048 mV originate 
from the oxidation of ruthenium porphyrin. Compared to the 
voltammetric behaviour of Fc-SWCNTs-Si and RuTPP-
SWCNTs-Si, mixed assembly of ferrocene/porphyrin onto 
carbon nanotube arrays exhibit one neutral and three oxidation 
states, which can represent 2 bit information.  

 
Figure 5. Differential pulse voltammograms of mixed assembly of 

ferrocene/porphyrin onto carbon nanotube arrays with different mole ratio of 
ferrocenemethanol and 4-aminopyridine. 

IV. CONCLUSIONS 
A ruthenium porphyrin functionalised single-walled carbon 

nanotube array has been prepared. Electrochemical results 
show two successive one-electron reversible redox waves and 
the surface concentration of ruthenium porphyrin molecules is 
3.44×10�8 mol cm�2. Moreover mixed assembly of 
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ferrocene/porphyrin onto carbon nanotube arrays has been 
achieved by altering the ratio of two redox-active species in the 
deposition solution. These results suggest these ruthenium 
porphyrin modified electrodes are excellent candidates for 
molecular memory devices. 
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