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ABSTRACT: 

This work reports the non-covalent functionalization of SWNTs with Fe-porphyrin, 

Co-porphyrin and Co-phthalocyanine molecules. The functionalized SWNTs were first 

characterized using Raman and X-ray photoelectron spectroscopies. Observations down to 

nanoscale resolution were also performed by atomic force microscopy, as well as scanning 

and transmission electron microscopies. The spectroscopic methods evidenced an electronic 

interaction between the metal-centered molecules and the SWNTs, ensuring the robustness of 

the functionalization. High resolution microscopy characterizations reveal that the porphyrin 

and phthalocyanine molecules are adsorbed on the surface of SWNTs. The electrical 

characterizations show a weak charge transfer between those grafted molecules and the 
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SWNTs, confirming the electronic interaction between the molecules and the SWNTs. 

Density functional theory (DFT) supports experimental data and helps understanding the 

experimental results of selective interaction of metal complexes with one type of 

semiconducting SWNTs. 

Keywords:  SWNTs,  CNTFETs, Noncovalent functionalization, Porphyrin, Phthalocyanine 
 

1. Introduction  
Single-walled carbon nanotubes (SWNTs) have attracted much attention due to their 

outstanding physical, chemical and mechanical properties [1-2]. These properties, make them 

a potential material for the development of new applications, especially when SWNTs are 

incorporated in new functional materials [3]. Considerable efforts have been devoted to the 

chemical functionalization of SWNTs [4]. In this context, the combination of SWNTs with 

new functional group offers new functionalities, which are particularly appealing for 

applications in the areas of solar energy conversion [5], electronic and sensing devices [6] as 

well as for new biological applications [7]. The functionalization of SWNTs with appropriate 

compounds led to the development of new nano-hybrid materials. These new systems not 

only provide various original chemical functionalities and optoelectronic properties, but also 

have the potential to be employed in functional devices for energy and electronic applications. 

As an example, SWNTs functionalized with metallophthalocyanines (MPc) and 

metalloporphyrin (MPo), have shown a high chemical stability, as well as unique 

physicochemical, physical and structural properties [8-10]. In addition to their unique 

structural and original properties, they are quite easy to prepare [11]. There is a rich literature 

on the modification of SWNTs with MPo and MPc [11-15]. The first example of nano-hybrid 

materials of SWNTs and MPo was published by Nakashima and co-workers [16]. In their 

work, they reported that the Van der Walls interactions act as a driving force for nano-hybrid 

formation [16]. Both covalent and non-covalent approaches have been employed to 
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functionalize SWNTs with MPo [11-15]. The non-covalent functionalization allows reliable 

immobilization of molecules on the surface of SWNTs, while preserving their intrinsic 

properties [6, 13, 17]. Covalent modification, however offers strong and stable anchoring of 

functional groups but it has the limitation of destroying the extended π-system of SWNTs, 

which provokes the loss of some of their properties [14, 18-19].  

Previous work has reported physisorption properties of iron porphyrin on both metallic 

and semiconducting CNTs. The kinetic and thermodynamic properties of non-covalently 

bound CNT/porphyrin oligomers have been investigated by UV/visible spectroscopy and 

fluorescence titration. It was found that the affinity of these molecules to adsorb on the CNTs 

surface increases sharply with the porphyrin coverage, showing strongest binding energies for 

semiconductor-type CNTs [20] 

To fully explore the new functionalities of SWNTs, a modified carbon nanotube field-

effect transistor (CNTFET) device configuration is the best suited device to probe the charge 

transport properties. Although CNTFET based on a network of SWCNTs functionalized with 

MPc and MPo for sensing applications have been studied for decades, several challenges still 

remain, such as a lack of advanced morphological characterizations at nanoscale, including 

the interface between the grafted molecules and the SWNTs, the homogeneity of the 

adsorption of the molecules on the nanotube surface, and the chemical mapping with 

nanoscale resolution. Understanding how the experimental conditions affect the molecular 

adsorption or how they influence the molecule/SWNT properties, in order to improve the 

selectivity or CNTFET gas sensors, are also remaining challenges to explore. 

We study herein the non-covalent assembly of MPo and MPc onto CNTFETs via 

physi-adsorption and п-п interactions, and its characterization in order to obtain accurate 

chemical, structural, and morphological information, by the combined use of high-resolution 

transmission electron microscopy (HRTEM), X-Ray photoelectron spectroscopy (XPS) and 
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electrical measurements. This family of molecules possesses a planar structure with a large п 

system, facilitating п-п interaction with the SWNTs surface, without destroying the electronic 

properties of CNTFETs, which makes them good candidates for non-covalent 

functionalization. Two types of MPo, namely 5,10,15,20-Tetraphenyl-21H,23H-porphryine 

cobalt(II) (Co-Por) and 5,10,15,20-Tetraphenyl-21H,23H-porphyrine iron (III) chloride (Fe-

Por) as well as cobalt (II) phthalocyanine (Co-Phc) were used for the surface functionalization 

of SWNTs. The SWNTs were synthesized on SiO2/Si substrates from Ru catalyst 

nanoparticles, using double hot filament chemical vapor deposition (d-HFCVD) [21]. The 

composition and the structure of the resulting nanohybrid materials are characterized by 

spectroscopic methods such as Raman spectroscopy and XPS, and also by microscopy-type 

methods such as scanning microscopy (SEM)-energy-dispersive spectroscopy (EDS), 

transmission electron microscopy (TEM) and atomic force microscopy (AFM). The results 

indicate that these molecules strongly bind to the side walls of SWNTs. The electrical 

measurements showed a slight change in the I-V characteristic of Fe-Por/CNTFETs, Co-

Por/CNTFETs and Co-Phc/CNTFETs devices. This slight change can be attributed to a 

charge transfer between the metal-centered molecules and SWNTs, which confirms the non-

covalent bonding of these molecules to the SWNTs. This is supported by a theoretical study 

that evidences that the molecules are electron donors and the SWNTs are n-doped. The 

originality of this work lies in the complementarity between the microstructural 

characterizations, the electrical characterization and the theoretical calculations. 

2. Material and methods 
2.1. Synthesis of SWNTs  

 
The SWNTs growth process is similar to that reported previously [21]. Briefly, the 

SWNTs were directly synthesized on SiO2/Si substrates from thin evaporated Ru films (0.05 

nm of Ru film thickness). The Ru catalyst was deposited on top of the substrates by ultra-high 

vacuum evaporation, similar to Molecular Beam Epitaxy (MBE). The SWNTs synthesis was 
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performed using a homemade double hot filament CVD (d-HFCVD) system. Prior to SWNTs 

growth, the substrates are heated at 850°C and exposed for 5 minutes to a hot-filament 

activated (160W – approximately 2000°C measured with an optical pyrometer) hydrogen 

flow (100 sccm at 90 mbar) to transform the Ru thin film into a random collection of Ru 

nanoclusters (dewetting operation). After this annealing under atomic hydrogen, a gas mixture 

CH4:H2 (1:5) is introduced into the reactor to grow SWNTs for 15 minutes. To efficiently pre-

dissociate the CH4 molecules, the methane flow is activated during SWNTs growth, by 

heating up the corresponding W filament at 1700°C (120 W). During growth, the hydrogen 

flow is also activated by heating up the corresponding filament at 2000°C (160 W - as for the 

dewetting of the Ru thin film). Thus, the generated atomic hydrogen is used to remove the 

undesired carbon nanoparticles and amorphous deposits formed on catalyst seeds and also on 

tube walls or substrate surface during d-HFCVD growth. During the heating, the substrate 

temperature was monitored by a pyrometer which can measure the sample temperature 

between 200 and 2000°C. We should note that the obtained SWNTs were used “as grown” 

and without any purification. 

2.2. Functionalization of SWNTs 

5,10,15,20-Tetraphenyl-21H,23H-porphine iron (III) chloride (Fe-Por), 5,10,15,20-

Tetraphenyl-21H,23H-porphine cobalt(II) (Co-Por) and cobalt (II) phthalocyanin (Co-Phc) 

used in this work were purchased from “Sigma-Aldrich” France and used without any 

purification. The purity of Fe-Por, Co-Por and Co-Pc is 94%, 85% and 97%, respectively. All 

solvents: dichloromethane (DCM), N N-dimethylformamide (DMF) and acetone were 

purchased from “Sigma-Aldrich” France. The Fe-Por and Co-Por are very soluble in DCM 

and the Co-Phc is very soluble in DMF. The functionalization of SWNTs was achieved by the 

deposition of a solution of molecule (10 µl, 5.10-3 mol/l of Fe-Por or 10-4 mol/l Co-Por or 

5.10-3 mol/l of Co-Phc) in DCM or DMF on the SWNTs surface followed by 
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evaporation/drying at 40°C for 1h. After rinsing several times with DCM or DMF to remove 

the excess of unbound molecules, the functionalized SWNTs (Fe-Por-SWNTs, Co-Por-

SWNTs) or Co-Phc-SWNTs were then dried at 40°C for 5 min.  

 

2.3. Characterization techniques 

2.3.1. Raman spectroscopy. Raman spectra were recorded using a high-resolution confocal 

Raman microscope (Labram HR800; HORIBA Jobin Yvon France) through a 100× 

microscope objective (NA=1) in order to demonstrate the presence of porphyrin and 

phthalocyanine after functionalization. Micro-Raman mapping was performed in high 

resolution mode, using a laser excitation of λ=532 nm with 10 s acquisition time and 5 

accumulations per spectrum. The number of gratings in the Raman spectrometer was 600 

grooves per mm. Raman mapping was performed on 15 µm × 15 µm areas with a step size of 

0.5 µm. 

2.3.2. Scanning Electron Microscopy (SEM). SEM observations were carried out on a 

HITACHI S 4800 electron microscope. Further, to investigate the chemical state of the 

functionalized SWNTs, energy dispersive spectroscopy (EDS) analyses (Thermo Ultra Dry) 

have been performed.  

2.3.3. Atomic Force Microscopy (AFM). AFM images were acquired using a VEECO 

Dimension 3100 instrument. 

2.3.4. High Resolution-Transmission Electron Microscopy (HR-TEM) and Scanning 

Transmission Electron Microscopy (STEM). The HR-TEM analyses were performed using 

a FEI-Titan electron microscope operating at 80 and 300 kV. For the SWNTs (before and 

after functionalization) observations, an operating voltage of 80 kV was used in order to avoid 

any beam damage. Prior the TEM observations, a preliminary step was mandatory, consisting 

in transferring the SWNTs from the substrate surface onto Cu-mesh TEM grids. This has been 

done using a poly(methyl methacrylate) (PMMA) transfer method [22]. To protect the 
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SWNTs and facilitate their transfer, the PMMA was spin-coated on the Si/SiO2-SWNTs at 

3000 rpm for 40 s, followed by drying at 100°C for 5min. Then, the Si/SiO2 was etched in 

NaOH (1mol/l) during 1h. The SWNTs/PMMA were recovered and placed into deionized 

(DI) water baths. After rinsing several times with DI water, the PMMA/SWNTs assembly was 

carefully deposited onto the TEM grid. Finally, the TEM grids were dried at 100°C during 24 

h and then the PMMA was dissolved in acetone. The molecules (Fe-Por or Co-Por or Co-Phc) 

were deposited by evaporation of a 10 µL drop of a solution (Fe-Por or Co-Por or Co-Phc) in 

DCM or DMF directly on top of the surface of SWNTs followed by a thorough DCM or DMF 

washing process, to remove unbound molecules. Energy dispersive spectroscopy (EDS) 

elemental analyses at nanoscale resolution of functionalized SWNTs were performed on a 200 

kV Titan-Themis TEM/STEM electron microscope equipped with a Cs probe corrector and a 

Chemistem Super-X detector. These two accessories allow chemical mapping of the light and 

heavy elements with a spatial resolution in the picometer range [23].  

2.3.5. X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spectroscopy (XPS) 

analysis was recorded using a Thermo Scientific K-Alpha spectrometer equipped with a 

micro-focused, monochromatic Al-Kα X-ray source (hν = 1486 eV) to give a spot size of 400 

μm, and magnetic lens enables analysis of small areas with increased sensitivity. The 

operating pressure was around 2 × 10-9 Torr, and the kinetic energy of photoelectrons was 

determined with a hemispheric analyzer, with pass energies of 200 eV for survey spectra and 

50 eV for high-energy resolution spectra. The charge neutralization was performed by a 

combination of an electron flood gun with an argon ion gun. 

To check the reproducibility of the analysis, more than five samples were 

characterized for each functionalization. Different areas at the edge and the central region of 

samples were analyzed and typically showed similar characteristics. 
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2.3.6. Transport studies. The design of the CNTFETs used in this study has been described 

previously (see section V in supporting information) [21, 24]. Bottom-gate TFTs were 

fabricated by growing CNTs on SiO2-silicon substrate. Following the nanotube growth, 40-

nm thick source-drain palladium contacts were fabricated, using standard UV lithography, e-

beam evaporation and lift-off processes. In this work, we used only the source-drain channel 

length (LSD) of 2-µm. The highly doped silicon substrate is used as a common back-gate for 

all transistors. The electrical characteristics of the CNTFETs were measured using a 

semiconductor parametric analyzer Keithley 4200-SCS under ambient conditions. The 

nanohybrid materials were produced by the evaporation of 10 µm drop of a solution of 

molecules (Fe-Por or Co-Por in DCM or Co-Phc in DMF) deposited directly on the CNTFETs 

surface. Followed by a drying step (1h at 40°C). The device was then thoroughly rinsed 

several times with DCM or DMF in order to remove unbound molecules. 

 

3. Results and discussion 
The resulting nanohybrid materials, denoted Fe-Por-SWNTs, Co-Por-SWNTs and Co-

Phc-SWNTs, were first characterized by Raman spectroscopy to evidence the presence of an 

interaction between the molecules and SWNTs and also to ensure the efficiency of the 

assembly process. First, we focused our spectroscopic analysis on radial breathing modes 

(RBMs, between 100-300 cm-1). It was previously reported that RBMs are very sensitive to 

the nanotube diameter and structure [25,26]. Figure 1 shows the Raman mapping at low 

frequency of SWNTs before and after functionalization with Fe-Por using an excitation 

wavelength of 532 nm (2.33 eV); the RBM spectra before and after functionalization with Co-

Por and Co-Phc are presented in Figure S1 and S2 in Supporting Information. With excitation 

at 532 nm, multiple peaks are observed, which are characteristic of the distribution of tube 

diameters in the sample. Furthermore, the RBMs show some differences between the 

porphyrin-functionalized SWNTs and pristine (unfunctionalized) SWNTs (see Figure 1). 



9 
 

Indeed, the Raman spectrum of SWNTs shows four peaks at 150 cm-1, 175 cm-1, 248 cm-1 and 

300 cm-1 in the RBM region. The Raman peak at 300 cm-1 can be assigned to the silicon 

substrate. In contrast, all bands were influenced by the functionalization of the SWNTs with 

porphyrin and additional bands were observed (Figure 1 (b)).  

The Raman spectra at high frequency of pristine and functionalized SWNTs are 

presented in Figure 2. As shown in Figure 2 all Raman spectra revealed the presence of 

disorder-induced D-mode in the 1350 cm-1 region, Raman-allowed tangential G-band in the 

1500-1600 cm-1 region and 2D-band in the 2700 cm-1 region [25-26]. Interestingly, the Raman 

spectra of resulting nanohybrid materials are significantly modified after the chemical 

functionalization process (Figure 2b, 2c and 2d). Indeed, additional bands (marked by a star in 

Fe-Por-SWNTs, an asterisk in Co-Por-SWNTs and an arrow in Co-Phc-SWNTs) that can be 

attributed to the presence of porphyrin and phthalocyanine are clearly discernable in the 

Raman spectra of functionalized SWNTs.  

 

Figure 1. Raman radial breathing mode (RBM) of SWNTs before (a) and after 
functionalization with Fe-Por (b). 

 

To confirm these results, an analytical blank silicon substrate surfaces functionalized 

with porphyrin and phthalocyanine were prepared and analyzed. It is important to note here 

that the silicon substrates were functionalized following the same process and then analyzed 



10 
 

with Raman spectroscopy.  Figure S3 (a and b). shows the Raman mapping of functionalized 

silicon substrate with Fe-Por. The Raman spectra of functionalized silicon substrate with Co-

Por and Co-Phc are presented in Figure S4 and S5 respectively in supporting information. The 

resulting bands (Figure S3) were  found to be identical or close to additional bands observed 

previously in the case of Fe-Por-SWNTs, which confirm that these bands are characteristics 

of the Fe-Por. Similar results were obtained for Co-Por and Co-Phc (Figure S4 and Figure 

S5). We conclude that the spectra of functionalized SWNTs are roughly a combination of the 

spectra of their two subunits (i.e. individual SWNTs and porphyrin or phthalocyanine 

molecules). We should also note that the adsorption of porphyrin and phthalocyanine on the 

surface of SWNTs seems to be strong, as the molecules remain adsorbed despite extensive 

washing with organic solvent. Moreover, a shift of 1 to 3 cm-1 of all peaks after the 

functionalization process is also observed (see Figure 1 and Table 1). Similar shift was also 

observed for D and G bands.  

Such upshift indicates an increase in energy and a stiffening of C-C bonds.  This can 

also occur upon doping (see below, theory and electrical measurements) [27]. It was 

previously reported that charge transfer to and from SWNTs can alter C-C bonds in the 

nanotubes and thus the SWNT’s electronic properties [28].  Further, metalloporphyrins are 

considered good electron donors that can give electrons to SWNTs, which would cause the 

characteristic shift of RBMs associated with an increase in electron density [29-30]. It was 

previously reported that such shift can also be attributed to the SWNTs organization within 

bundles and inter-nanotube contact [31].  However, we do not have bundles here. These 

Raman results constitute a first evidence of the successful non-covalent functionalization of 

our SWNTs.  

Table 1. Raman shift on selected nanotubes presented in Figure 1 before and after 
functionalization with Fe-Por 
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Nanotube RBM before 
functionalization 
(cm-1) 

RBM after 
functionalization 
(cm-1) 

Shift (cm-1) 

Nanotube 1 248.294 250.1 +1.806 
Nanotube 2 250.172 251.9 +1.728 
 

 
Figure 2. Raman spectra before and after functionalization showing the characteristic D, G 
and 2D peaks. (a): pristine SWNTs. (b): Fe-Por-SWNTs. (c) Co-Por-SWNTs and (d) Co-Phc-
SWNTs. The additional bands marked by a star,  an asterisk and an arrow are characteristics 
of Fe-Por, Co-Por and Co-Phc, respectively. 

The assembly of porphyrin and phthalocyanine onto the SWNTs was further 

characterized by microscopy (SEM-EDX, AFM and TEM) methods. SEM images (inset 

Figure 3.) show that both samples have similar surface morphology, without any significant 

change after functionalization. To get more information on the presence of porphyrin and 

phthalocyanine molecules on the surface of SWNTs, EDS was used to identify elemental 

compositions. Figure 3 shows spectra obtained for EDS analyses performed on a large surface 

in SEM mode. The Fe and Co peaks in the EDS spectra (Figure 3(a), 3(b) and 3(c)) of the 
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corresponding SEM images (Figure 3(a) inset, 3(b) inset and 3(c) inset) indicate the existence 

of Fe, and Co within the field of the SEM image.  

 
Figure 3. Energy-dispersive X-ray analysis (EDS) spectra and SEM images of functionalized 
SWNTs (inset). (a) Fe-Por, (b) Co-Por and (c) Co-Phc.  
 

Complementary TEM and STEM investigations allowed a more detailed analysis of 

the nanohybrids. Figure 4(a, c and d) shows TEM images and Figure 4b a STEM-HAADF 

(high angle annular dark field) image recorded on a selection of representative functionalized 

samples with Fe-Por. Figure 4(a) shows pristine SWNTs, Figure 4(b) shows Fe-Por 

aggregates, Figure 4(c) shows SWNTs functionalized with Fe-Por, and Figure 4(d) is a zoom 

on a functionalized SWNT with Fe-Por. More TEM images of pristine SWNTs are shown in 

figure S6 in supporting information. TEM images of functionalized SWNTs with Co-Por-

SWNTs and Co-Phc-SWNTs are presented in Figure S7 and S8 respectively in supporting 

information. As it can be seen in Figure 4(a) there is no amorphous carbon deposited on the 

outermost layers of SWNTs, however some defects and Ru nanoparticles are found (the Ru-

nanoparticles originate from the SWNTs synthesis process). From the STEM-HAADF image 

represented in Figure 4(b) we can perceive small aggregates (4-8 nm) of Fe-Por before 

functionalization (the areas marked by the yellow arrows) and also the presence of very few 

aggregates on the surface of SWNT (70-90 nm), which can be related to different interaction 
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behavior with carbon support. We should note at this point that the same procedure was 

applied for the functionalization of grids TEM to obtain TEM images. Image of 

functionalized SWNTs reveals the presence of overcoating on the sidewalls of the surface of 

the tubes (Figure 4(c)) when compared with the pristine one. These overcoatings are observed 

on almost all individual tubes. These features are clearly a result of functionalization, but we 

cannot derive much information concerning the homogeneity of the functionalization of the 

nanotubes. Similar results were obtained for Co-Por-SWNTs and Co-Phc-SWNTs see Figure 

S7 and Figure S8 in supporting information. Moreover, the TEM images does not show any 

aggregates of molecules.  
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Figure 4. TEM and STEM observations of SWNTs functionalized with Fe-Por. (a) Pristine 

SWNTs synthesized from a 0.05 nm-thick Ru layer at 850°C under atomic hydrogen flux 

(Hat).  (b) STEM-HAADF image of Fe-Por.  (c) HR-TEM image of functionalized SWNTs 

with Fe-Por. (d) HR-TEM image zoom of the area marked by the red dotted rectangle in (c) 

showing one functionalized SWNT with Fe-Por aggregates.  

To prove the physi-adsorption of molecules on individual SWNTs, without 

decomposition, we performed chemical analyses in scanning transmission electron 

microscopy- high angle annular dark field- energy dispersive X-ray spectroscopy (STEM-

HAADF-EDS) mode. Figure 5 shows STEM-EDS line scan analyses on an individual SWNT 
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functionalized with Fe-Por. Others areas on the surface of substrate are presented in Figure 

S9. Figure S10 and Figure S11 in supporting information show STEM-HAADF chemical 

maps corresponding to the Co-Por and Co-Phc together with their corresponding Co/N/C 

relative maps obtained by superimposing the three elemental maps. This provides a complete 

image of the distribution of the two principal residual elements, Co and N, within the sample. 

Elemental maps were extracted at energies of 6.92 keV (Co Kα). The light elemental content 

within the sample was also confirmed by the line scan EDS spectrum recorded along the 

scanning direction indicated by the yellow arrow in Figure 5 (a). Indeed, from Figure 5(b) one 

can identify the elemental signal of N, Fe and Cl, which are characteristics of Fe-Por. The Ru 

signal was also detected and it originates from the catalysts used for the synthesis of SWNTs.  

 
Figure 5. STEM-EDS line scan analyses on an individual functionalized SWNTs: (a) STEM-
HAADF micrograph on the chosen area where a line scan along the direction indicated by the 
green arrow was performed. (b) Corresponding STEM-EDS line scan spectrum showing the 
variation of the Nitrogen (in blue), Iron (in red), Ruthenium (in black) and Chlorine (in green) 
signal recorded along the scanning direction indicated by the green arrow in (c). (c) Zoom of 
the analyzed area indicated by yellow arrow in (a). 
 

Additionally to this study, Figure S12 in supporting information shows the STEM-

HAADF-EDS relative map recorded on a larger area, obtained by superimposing the 

elemental maps recorded for the carbon, silicon, iron, chlorine and the oxygen where the 

nitrogen signal is slightly visible. These results confirm that the chemical integrity of 

porphyrin and phthalocyanine remained intact in the nano-hybrids, which is in good 

agreement with Raman spectroscopy and SEM-EDS analysis and suggests that the porphyrin 
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and phthalocyanine strongly interact with п-system of SWNTs due to their highly-delocalized 

п-system.  

The successful adsorption of porphyrin and phthalocyanine was also confirmed by 

atomic force microscope (AFM) investigations. A detailed analysis of the AFM profiles on a 

large number of tubes allowed us to assess that the diameter of all synthetized tubes is about 

1.5 nm with a standard deviation of about 0.5 nm (see Figure 6).  However, the diameter of 

SWNTs functionalized with porphyrin and phthalocyanine is significantly higher (2 to 7 nm) 

than the average diameter of individual SWNTs. The height difference between the 

functionalized SWNTs and the individual SWNTs is about 0.5 to 5.5 nm, which is larger than 

the diameter of a porphyrin or phthalocyanine molecule (0.3 to 1 nm). As observed in Figure 

4 (d), the Fe-Por “wraps” the SWNTs or is attached to both sides of a single nanotube, which 

explains the increases of the diameter of SWNTs after functionalization.  
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Figure 6. Column stack diameter distribution of the SWNTs before and after 
functionalization obtained from 20 AFM height images. (a) Fe-Por, (b) Co-Por and (c) Co-
Phc.  

 

From all the above studies, we confirm that the porphyrin and phthalocyanine 

assemble well onto nanotube sidewalls. These results are consistent with those from the 

literature, which reported that porphyrin and phthalocyanines strongly interact with the п-

electronic surface of SWNTs [16, 17]. Murakami et al. have successfully modified SWNTs 

by attaching Zn-porphyrin through non-covalent functionalization [16]. A similar approach 

has also been reported by Rahman et al. [17]. 

Further characterization of SWNTs before and after the functionalization with Co-

porphyrins and Co-phtalocyanine was carried out by X-ray photoelectron spectroscopy. The 

XPS spectra displayed in Figure 7 revealed obvious modifications after functionalization of 

SWNTs confirming the presence of metalloporphyrin and metallophthalocyanine at the 

surface of SWNTs. It can be seen from Figure 7a that all the survey spectra show peaks 

centered at 100, 150, 284, 530 eV respectively assigned to Si2s, Si2p, C1s, and O1s originated 

from SiO2/Si substrates and SWNTs. In addition, one can clearly detect from the spectra of 

functionalized SWNTs the appearance of peaks centered at 400 eV and 785 eV assigned to 

N1 and Co2p, respectively (Figure 7b and 7c). This is due to the adsorption of cobalt 

porphyrin and cobalt phthalocyanine on the SWNTs. As shown in Figure 7d, the C1s 

spectrum of pristine SWNTs can be deconvoluted into four main components centered at 

284.6, 286.7, 288.5, and 290.5 eV corresponding to C=C/C-C/C-H, C-O-C/C-OH, OH-C=O 

bonds, and π–π* shakeup satellites in aromatic rings, respectively. The broadening of the C1s 

spectra of functionalized SWNTs at around 286 eV indicates the presence of C-N as well as 

C=N components, owing to the interaction between Co-Por and Co-Phc molecules with 

SWNTs (Figure 7e and 7h) [32]. 
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The N1s high-resolution spectra recorded from Co-Por-SWNTs and Co-Phc-SWNTs 

confirm these results which show that the components are N=C, N-C/N-Co, and +NR4 located 

around 398.8, 400.2 and 402 eV, respectively (Figure 7f and 7i). Co2p spectra (Figure 7g and 

7j) can be deconvoluted into five main component peaks, including Co2p3/2 signals at 781.5 

eV, Co2p3/2 satellite at 786.5 eV, Co2p1/2 signals at 797 eV and Co2p3/2 satellite at 804 eV 

associated to Co(II) ions and an additional component at 791 eV assigned to the oxidized state 

of cobalt, i.e. Co(III). The presence of Co (III) is due to the fact that cobalt can be easily 

oxidized when exposed to air. These XPS results are in good agreement with those shown 

with Raman and HRTEM analyses.  
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Figure 7. (a-c) XPS spectra of SWNTs and functionalized SWNT (Co-Por-SWNTs and Co-
Phc-SWNTs); the spectra show the presence of silicon, carbon and oxygen in SWNTs and 
additional peaks corresponding to the presence of nitrogen and cobalt coming from porphyrin 
in functionalized SWNTs (Co-Por-SWNTs and Co-Phc-SWNTs). (e-j) Deconvoluted core 
level XPS spectra of the principal elements (i.e. C 1s, N1s and Co2p) of Co-Phc-SWNTs (e-g) 
and Co-Por-SWNTs (h-j).  
 

To rationalize the molecule−SWNTs interactions, theoretical density functional theory 

calculations (DFT) (open shell) were carried out using CRYSTAL17 code [33] (The 

computational details are provided in supporting information). In this study, we focus only on 

a semiconductor nanotube to compare the theoretical results with the electrical measurements. 

For computational conveniences, SWNT (8,0) has been chosen. The SWNT (8,0) has an 

atomic structure called a zigzag (SWNT (n,0)) [34]. The diameter of SWNT (8,0) equals 8a/π 

= 0.63 nm (a = 0.249 nm = the module of the unit vectors of the graphene lattice) such that it 

is a reasonable compromise between computation costs and a realistic size. Moreover SWNT 

(8,0) has been widely studied and the theoretical calculation results can be found in the 

literature [35-39]. For the optimized geometry of the SWNT (8,0), the PBE0 calculated band 

gap is 1.55 eV. The PBE0 functional value is in better agreement with the experimental one of 

1.99 eV [40], compared with values obtained by other functionals such as B3LYP or PBE, 
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their corresponding calculated band gap values being 1.28 eV [38] and 0.58 eV [39], 

respectively.  

Figure 8.1 shows the most stable geometry of SWNT (8,0) grafted by Co-porphyrin. 

The binding energies (Eb in kJ/mol) is calculated at -125.74 kJ/mol, in agreement with 

previous work [41] (see supporting information for the details of calculations and results in 

Table S1). 

 
At the respective equilibrium geometries, the metal center (cobalt (II)) of the Co-Por 

molecule is on the top of a SWNT (8,0) hexagon center (see Figure 8.1). The fermi levels of 

SWNT (8,0) and Co-Por on SWNT (8,0) are presented in Figure 8.2. The charge transfer is of 

0.04953e from the Co-Por towards SWNT (8,0). The theoretical results indicate that the 

Fermi level increases with the adsorption of the porphyrin molecule on the surface of the 

SWNT, confirming that the molecule is electron donor. The semiconductor SWNT (8,0) is 

then n-doped by the porphyrin molecule. This result is in a good agreement with the 

experimental results (see electrical results in the section below). 

 

 
Figure 8. (1). Optimized geometry of the Co-Por adsorbed on the SWNT (8,0). (a) front view, 
(b) top view and (c) side view. (2). Fermi levels of SWNT (8,0) and SWNT (8,0)_Co-Por at 
the PBE0-D3/6-31G** level of theory using CRYSTAL.  
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To get more insights on the electronic interaction occurring between the compounds 

and SWNTs and to confirm the charge transfer, we studied the transport behavior using 

CNTFET devices in ambient air. The devices were obtained following the previously reported 

method [21,24]. Briefly, the interdigitated electrodes made of Pd (40 nm) were deposited onto 

SWNTs directly on SiO2/Si substrate. As already stated in our previous reports [21, 24], we 

not that the presence of the Ru catalyst does not reduce the devices performance. Typical 

transfer characteristics of such bottom gate devices before functionalization (with channel 

length and width of respectively L= 2µm and W = 2 mm) are displayed in Figure 10 (black 

curve). The electrical characteristics of CNTFETs before functionalization exhibits typical p-

type response with “on” and “off” current (Ion/Ioff) ratio of about four decades. The hysteresis 

is also observed as a result of charge injection from the SWNTs to the SiO2 [42].  

Such CNTFETs devices present high performance, comparable to CNTFETs devices 

based on individual semiconducting SWNTs, which make them more suitable for detecting 

even the slightest change in the transport properties of SWNTs. The transport studies were 

carried out using the functionalized CNTFET devices in ambient air with a drain bias (Vd) of 

2V and a gate voltage (Vg) sweep [-20 V; +20 V]. The SEM images of CNTFET device after 

functionalization with Fe-porphyrin are presented in Figure S14 in supporting information. 

The carrier mobility calculated for those devices is about 10-15 cm2/Vs as evaluated by the 

standard MOS formula [43] (see paragraph V in supporting information). We note that the 

mobility value we obtain here is quite modest; we suspect some contact problems in our 

FETs. Figure 9 shows the drain current (Ids) vs. gate voltage (Vg) characteristics of 

functionalized CNTFETs with Fe-Por. The Ids vs. Vg characteristics of functionalized 

CNTFETs with Co-Por-SWNTs and Co-Phc-SWNTs are presented in Figure S15 and S16 in 

supporting information. The subthreshold swing Sw = [dVg/d Log(I)] remains unchanged 

after functionalization with Fe-Por, indicating that such grafting leaves the gate (Si) 
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unaffected. In contrast, the Ion slightly decreases, which confirm that the grafted molecule 

perturb the electron flow, producing scattering centers [44]. Furthermore, some changes were 

observed on the Ids vs. Vg hysteresis curves after the functionalization. A 300 meV threshold 

voltage shift is observed after functionalization, the gate voltage Vth shifts to negative values, 

from -5.08 V to -8.39 V. This shift, evidences that Fe-Por interacts with the nanotube 

sidewalls and confirms a “n” type doping of the CNTs. This behavior has been observed for a 

series of 20 devices with the same channel length and prepared under the same conditions (see 

Figure S15 in supporting information). This is in agreement with previous reports stating that 

the metalloporphyrins are good electron donors [45] that can give electrons to SWNTs [29-30, 

45], which would cause an increase of the electronic density. Similar results are obtained for 

Co-Por and Co-Phc (see Figure S16  and S17 in supporting information). The electrical 

measurements confirm the theoretical one, particularly the raise of the Fermi level due to 

doping.  
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Figure 9. Ids vs Vg characteristics for a) CNFET (black) and the same CNTFET modified 
with Fe-Por (red). Vds = 2V.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 

In summary stable Fe-SWNTs, Co-Por-SWNTs and Co-Phc-SWNTs nano-hybrids 

materials have been elaborated. A series of microscopic, spectroscopic and electrical analyses 

reveals that these systems interact non-covalently via п-stacking, which are more likely to 

preserve the SWNTs electronic properties. One of the consequences of п-stacking interactions 

is charge transfer between the metal-centered molecules and the SWNTs. Electrical 

measurements performed on CNTFETs are in a good agreement with the theoretical ones, 

which confirm the n-type doping effect (electron transfer) of SWNTs when the MPo and MPc 

molecules are grafted. Taking into account the robustness and the scalability of the 

functionalization approach, we believe that these results are extremely promising for the 

future development of CNTs-based selective gas sensing applications.  
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