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Summary  

Hybrid materials consisting of carbon nanotubes and organic macrocycles such as 

phthalocyanines are of great interest due to the synergistic combination of the properties of both 

components, which significantly increases their potential for technological application. To 

obtain these hybrid materials, covalent and non-covalent methods of functionalisation 

nanotubes with phthalocyanines are widely used. Non-covalent functionalisation is an attractive 

approach to improve the interfacial properties of nanotubes, as the graphitic structure is not 

altered. This approach relies on the supramolecular interaction of the components via hydrogen 

bonds, electrostatic and van der Waals forces, as well as π-π interactions, with the latter playing 

the most crucial role. 

Phthalocyanines have the ability to coordinate with different metal ions such as transition 

metal and rare earth ions. Depending on the oxidation state, size of the metal ionic radius and 

number of coordinated phthalocyanine ligands, these macrocycles are classified into single-, 

double-, triple- and quadruple-decker phthalocyanines. Phthalocyanines are characterised by 

their high thermal stability, tendency to self-assemble nature, and low solubility in conventional 

solvents. While the solubility of phthalocyanines improves with the addition of substituents, 

their stability decreases. In view of the above, this project  focused on π-π interactions between 

unsubstituted metal phthalocyanines and single-walled carbon nanotubes. 

The phthalocyanines used for non-covalent functionalisation or adsorption on carbon 

nanotubes were manganese, iron, cobalt, and nickel monophthalocyanines as a represe ntative 

set of the 3d transition metal phthalocyanines, and the rare earth metal bisphthalocyanine with 

yttrium, lanthanum, gadolinium, terbium, and lutetium. In contrast to bisphthalocyanines, 

monophthalocyanines are commercially available. Consequently, the solvothermal method was 

used as a new strategy for the synthesis of bysphthalocyanines. The identified characteristics of 

the bisphthalocyanines were confirmed by infrared, Raman, UV-Visible and paramagnetic 

resonance spectroscopy, corroborating that they are neutral and free radical [M3+(Pc-2) (Pc•-)]. 

The adsorption of phthalocyanines on the surface of nanotubes is challenging due to the 

low solubility and dispersion of both components, as well as their tendency to agglomerate. 

Nevertheless, one-step sublimation or gas-phase functionalisation of nanotubes with Fe, Co, 

and Ni monophthalocyanines was proposed as an alternative to conventional methods using 

solvents with high boiling points. As for manganese phthalocyanine and rare earth 

bisphthalocyanines (Y, La, Gd and Tb), which are more soluble, deposition on the nanotubes 

was achieved by refluxing in butanol. 

According to scanning and transmission electron microscopy images the non-covalent 

interactions between nanotubes and phthalocyanines on the surface of individual nanotubes and 

single-walled nanotube agglomerates or bundles. On the other hand, the dispersion of the 

modified nanotubes depends on the polarity of the solvent and the coordinated metal. Although 

the hybrids remain in the form of agglomerates, these are smaller in size than those of pristine 
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nanotubes and can be relatively homogeneously dispersed in isopropanol, which is slightly 

polar. Furthermore, the electronic structure of the nanotubes after functionalisation was not 

altered, and no additional covalent bonds or structural defects were formed in the nanotube wall 

during the adsorption process, as confirmed by Raman and X-ray photoelectron spectroscopy 

results. 

The nanotube + monophthalocyanines hybrids were used as electrocatalysts for the oxygen 

evolution reaction involved in the electrolysis of water. The hybrids were evaluated in alkaline 

medium in two concentrations, (0.1 and 1 M) potassium hydroxide. The functionalised carbon 

nanotubes show an increase in catalytic activity over the pristine nanotubes, with nanotubes 

decorated with nickel and cobalt phthalocyanines being the most active. 

The self-assembly of mono-phthalocyanines on the surface of a carbon nanotube was 

studied by molecular mechanics with the MM+ force field. The results suggest that self-

assembly of the molecules occurs in a combined short and long helix arrangement. 

Density functional theory (based on the DMol3 module of the Materials Studio software) 

was used to analyse the electronic properties of the non-covalent hybrids, structural changes of 

mono- and bisphthalocyanines after adsorption on the nanotubes, the influence of chirality, 

diameter, length and structural defects of the single-walled nanotubes on the formation of the 

hybrids, as well as the nature of the central metal atoms of the macrocycles. 

Determination of the influence of nanotube defects on the structural characteristics and 

electronic properties of the hybrids was done by modelling the adsorption of cobalt and nickel 

phthalocyanines on two models of nanotubes of different chirality, armchair and zigzag with a 

Stone-Wales defect incorporated in different orientations in the graphitic lattice of the nanotube. 

The obtained data were compared with the homologous hybrids with nanotubes without defect 

using the same calculation methodology, the PBE functional with Grimme dispersion correction 

and DNP basis set.  

After deposition on the nanotube surface, the flat cobalt and nickel macrocycles undergo 

bending distortion to increase the contact area with the nanotube wall. The degree of distortion 

depends on the chirality and diameter of the nanotube, as well as the orientation of the de fect. 

The presence of the Stone-Wales defect leads to a variation in the distribution of the HOMO-

LUMO frontier orbitals in all hybrids, but to different degrees, depending on the system: for 

most of them, the pattern of perfect nanotube hybrids with HOMO and LUMO located mainly 

on the nanotube is maintained. The spin density in the open-shell hybrids, that is, with the 

cobalt phthalocyanine, is located in the central metal independently of the chirality of the 

nanotubes and the defect. Such a distribution was evident in the hybrids with the perfect zigzag 

nanotubes. 

Prior to the simulation of the interaction of the armchair and zigzag nanotubes models with 

the bisphthalocyanines, the calculation conditions were optimised to obtain a structure of each 

bisphthalocyanine closest to the structure deduced by X-ray diffraction. In this part of the 
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project, the effect of the DN, DND and DNP basis sets on the systems with yttrium 

bisphthalocyanine was evaluated. The lanthanum, gadolinium, and lutetium bisphthalocyanine 

hybrids were optimised with the DN basis set. Compared to monophthalocyanines, the double-

decker phthalocyanines were found to be not flat, but to have a domed structure and to undergo 

additional distortion when interacting with nanotubes. The bending is higher when the 

bisphthalocyanines interacted with the smaller diameter nanotube model.  The HOMO-LUMO 

distribution, the HOMO-LUMO bandgap energy and the spin density depend on the central 

coordinating atom and the chirality of the nanotube. In the case of the yttrium bispthalocyanine 

hybrids, there is no significant influence of the size of the base set. As a general trend, it was 

observed that the HOMO-LUMO bandgap energy in hybrids with armchair nanotubes increases 

linearly with the number of lanthanide electrons, while with zigzag nanotubes  the trend is less 

obvious. The spin density was found on the ligands when the molecules were on the surface of 

the armchair nanotube. For adsorption on a zigzag nanotube, it was on both components except 

for the lanthanum bisphthalocyanine hybrid where was localized only in the nanotube. 

Finally, a carbonaceous material obtained in the purification process of the free-base 

phthalocyanine H2Pc through sublimation was characterised and identified as nitrogen-doped 

carbon nanofibers from the oxidative pyrolysis of the macrocycle. These nanofibers were at least 

as thermally stable as graphene and defect-free nanotubes, with a final decomposition 

temperature of 827 °C in an air atmosphere. 
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Resumen 

Los materiales híbridos formados por nanotubos de carbono y macrociclos orgánicos como 

las ftalocianinas son de gran interés debido a la combinación sinérgica de las propiedades de 

ambos componentes, que aumentan significativamente las capacidades tecnológicas para su 

aplicación. Para obtener estos materiales híbridos, se utilizan ampliamente métodos de 

funcionalización covalente y no covalente de los nanotubos con las ftalocianinas. La 

funcionalización no covalente es un enfoque atractivo para mejorar las propiedades interfaciales 

de los nanotubos, ya que la estructura grafítica no es alterada. Este enfoque se basa en la 

interacción supramolecular de los componentes mediante puentes de hidrógeno, fuerzas 

electroestáticas y de van der Waals, así como las interacciones π-π, siendo estás las que 

desempeñan el papel más importante.  

Las ftalocianinas tienen la capacidad de coordinar con diferentes iones metálicos como de 

transición y tierras raras. Dependiendo del estado de oxidación, tamaño de radio iónico del metal 

y del número de ligandos de ftalocianinas coordinados, estos macrociclos se clasifican en mono, 

bis, tris and tretaftalocianinas. Las ftalocianinas se caracterizan por su alta estabilidad térmica, 

su naturaleza de autoensamblaje y su baja solubilidad en disolventes convencionales. La 

solubilidad de las ftalocianianas mejora con la incorporación de sustituyentes, sin embargo, su 

estabilidad disminuye. Teniendo en cuenta lo mencionado, el objetivo de este proyecto se centró 

en la interacción π-π entre las ftalocianinas metálicas no sustituidas y nanotubos de carbono de 

pared sencilla.  

Las ftalocianinas utilizadas para la funcionalización no covalente o adsorción en los 

nanotubos de carbono fueron monoftalocianinas de manganeso, hierro, cobalto y níquel como 

conjunto representativo de las ftalocianinas metálicas de transición 3d y de los metales de tierras 

raras, las bisftalocianinas de itrio, lantano, gadolinio, terbio y lutecio. Las monoftalocianinas se 

encuentran disponible comercialmente en contraste con las bisftalocianinas. En consecuencia, 

se empleó el método solvotermal como nueva estrategia de síntesis de este último conjunto. Las 

características propias de las bisftalocianinas fueron identificadas por espectroscopia infrarroja, 

Raman, UV-Visible y resonancia paramagnética, corroborando que las bisftalocianinas son 

neutras y con un radical libre [M3+(Pc-2) (Pc•-)]. 

La adsorción de las ftalocianinas en la superficie de los nanotubos es un desafío debido a la 

baja solubilidad y dispersión de ambos componentes y su tendencia a la aglomeración. Sin 

embargo, se propuso como alternativa a los métodos convencionales que usan disolventes con 

altos puntos de ebullición, la funcionalización en un solo paso por sublimación o fase de gas de 

las monoftalocianinas metálicas de Fe, Co y Ni. En cuánto, a la ftalocianina de manganeso y a 

las bisftalocianinas de tierras raras (Y, La, Gd y Tb) que son más solubles, se logra la deposición 

en los nanotubos por reflujo en butanol. 

Las interacciones no covalentes entre los nanotubos y las ftalocianinas de acuerdo con las 

imágenes de microscopia electrónica de barrido y transmisión, se puede generar tanto en la 
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superficie de los nanotubos individuales como en la superficie de los aglomerados o paquetes de 

nanotubos de pared sencilla. Por otro lado, la dispersión de los nanotubos modificados depende 

de la polaridad del disolvente y del metal central de coordinado. A pesar de que los híbridos 

permanecen en forma de aglomerados, estos son de menor tamaño que el de los nanotubos 

prístinos y se visualiza una dispersión relativamente homogénea en isopropanol, que es 

notablemente polar. Además, la estructura electrónica de los nanotubos después de la 

funcionalización no fue alterada, no se formó ningún enlace covalente adicional o defectos 

estructurales en la pared de los nanotubos durante el proceso de adsorción, según los resultados 

de espectroscopia Raman y de fotoelectrones de rayos X. 

Los híbridos de nanotubos y monoftalocianinas fueron utilizados como electrocalizadores 

para la reacción de evolución de oxígeno, implícita en la electrolisis del agua. Los híbridos fueron 

evaluados en medio alcalino en dos concentraciones 0.1 y 1.0 M de hidróxido de potasio. Los 

nanotubos de carbono funcionalizados muestran un aumento en la actividad catalítica que los 

nanotubos prístinos, siendo los nanotubos con las ftalocianinas de níquel y cobalto los de mejor 

desempeño. 

El autoensamblaje de las monoftalocianinas en la superficie de un nanotubo de carbono se 

estudió por mecánica molecular con el campo de fuerza MM+ y los resultados sugieren que el 

autoensamble de las moléculas se da en una geometría combinada de hélices corta y larga.  

Se utilizó la teoría de funcionales de la densidad para analizar las propiedades electrónicas 

de los híbridos no covalentes, cambios estructurales de las mono y bisftalocianinas después de 

su adsorción en los nanotubos, influencia de la quiralidad, diámetro, longitud y defectos 

estructurales de los nanotubos de pared sencilla en la formación de los híbridos, así como la 

naturaleza de los átomos metálicos centrales de los macrociclos.  

La influencia de los defectos de los nanotubos de carbono en las características estructurales 

y propiedades electrónicas de los híbridos formados con ftalocianinas, se llevó a cabo con el 

modelado molecular de los híbridos con ftalocianinas de cobalto y níquel sobre la superficie de 

dos modelos de nanotubos de carbono de distinta quiralidad; silla y zigzag. Los dos modelos de 

nanotubos tienen un defecto Stone-Wales incorporado en diferentes orientaciones en la red 

grafítica. Los datos obtenidos se compararon con los híbridos homólogos con nanotubos sin 

defecto empleando la misma metodología de cálculo: funcional PBE con corrección de 

dispersión de Grimme y el conjunto base DNP.  

Los macrociclos de Co y Ni planos después de su deposición en la superficie de los 

nanotubos sufren una distorsión de flexión para aumentar su área de contacto con la pared del 

nanotubo. El grado de distorsión depende de la quiralidad y diámetro del nanotubo, así como 

de la orientación del defecto. La presencia del defecto Stone-Wales da lugar a una variación en 

la distribución de orbitales frontera HOMO-LUMO en todos los híbridos, pero en distinto 

grado, dependiendo del sistema. Para la mayoría de ellos, se mantiene el patrón de los híbridos 

con nanotubos perfectos con HOMO y LUMO localizados principalmente en el nanotubo. La 

diferencia de energía entre HOMO y LUMO (banda prohibida) disminuye con la presencia del 
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defecto estructural para casi todos los híbridos modelados. La densidad de spin en los híbridos 

de capa abierta, es decir con la ftalocianiana de cobalto se ubica en el metal central independiente 

del modelo de nanotubo y del defecto. Dicha distribución se evidenció en los híbridos con el 

modelo zigzag perfecto.  

Previo a la simulación de la interacción de los nanotubos con las bisftalocianinas en los 

modelos de nanotubos silla y zigzag, se optimizaron las condiciones de cálculo para obtener una 

estructura de cada bisftalocianina más cercana a la estructura caracterizada por difracción de 

rayos X. En esta parte del proyecto se evaluó el efecto de los conjuntos base DN, DND y DNP 

en los sistemas con la bisftalocianina de itrio. Los híbridos de bisftalocianinas de lantano, 

gadolinio y lutecio fueron optimizados con el conjunto base DN. En comparación con las 

monoftalocianinas, los macrociclos constituidos por dos ligandos de ftalocianinas no son planos, 

sino que tienen una estructura abovedada y al interaccionar con los nanotubos sufren una 

distorsión adicional. La flexión es mayor cuando las bisftalocianinas interactuaron con el 

modelo de nanotubo de menor diámetro. La distribución HOMO-LUMO, diferencia de energía 

de la banda prohibida HOMO-LUMO y la densidad de spin dependen del átomo central de 

coordinación y la quiralidad del nanotubo. En el caso de los híbridos con la bisftalocianina de 

itrio, no hay influencia significativa del tamaño del conjunto base. Como tendencia general s e 

observó que la energía de la banda prohibida HOMO-LUMO en los híbridos con nanotubos silla 

aumenta linealmente con el número de electrones del lantánido, mientras que con los nanotubos 

zigzag la tendencia es menos evidente. La densidad de espín se localizó en los ligandos cuando 

las moléculas están en la superficie del nanotubo silla. En el caso de la adsorción en un nanotubo 

en zigzag, la densidad de espín se encontró en ambos componentes, excepto en el híbrido de la 

bisftalocianina de lantano donde se localizó únicamente en el nanotubo. 

Por último, se caracterizó un material carbonáceo obtenido en el proceso de purificación de 

la ftalocianina de base libre o sin metal H2Pc a través del sistema de sublimación. El material 

carbonoso es identificado como nanofibras de carbono dopadas con nitrógeno producto de la 

pirolisis oxidativa del macrociclo. Las nanofibras son al menos tan estables térmicamente como 

el grafeno y los nanotubos sin defectos, presentando una temperatura final de descomposición 

de 827 °C en atmosfera de aire.  
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General  Introduction 

 
Phthalocyanines (Pcs) are amongst the most thermally stable macrocyclic and aromatic 

compounds, with unique electronic properties and exhibiting rich redox chemistry. Their 

physical and chemical properties are determined by their molecular structure, such as the nature 

of the central atom and the presence of axial and peripheral substituents. The combination of 

exceptional thermal stability with other potentially useful properties makes Pcs very attractive 

for versatile applications, both as individual compounds and as components of complex systems. 

An outstanding example of the latter are hybrids of phthalocyanines with carbon nanotubes 

(CNTs). Thanks to the synergy between component parts, hybrid materials formed by covalent 

or non-covalent interactions offer a broad spectrum of potential applications. Hybrids are 

complex systems, and their characterisation is not an easy task, requiring molecular modelling 

methods such as density functional theory and to complement the information obtained by 

analytical techniques. 

This thesis focuses on the deposition of single- and double-decker metal phthalocyanines on 

the surface of single-walled carbon nanotubes. 

In this first chapter, the structure, properties, and applications of phthalocyanines and 

carbon nanotubes are described, followed by a brief review of the covalent and non-covalent 

functionalisation of carbon nanotubes with phthalocyanines, including molecular modelling by 

density functional theory. The chapter concludes with the goals of the research conducted 

towards this thesis and an outline of the resulting dissertation. 
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1.1. Phathalocyanines  

Phthalocyanines, formally known as tetrabenzo [5,10,15,20]-tetraazaporphyrins, are 

arguably amongst the most important chromogens developed in the 20 th century. They were 

accidentally discovered by A.V. Braun and J. Tcherniac in 1907 as a bluish insoluble by-product 

during the preparation of o-cyanobenzamide from phthalimide and acetic anhydride. 

Phthalocyanines were given their name in recognition of their origin and colour with the prefix 

phthal, derived from the Greek naptha (rock oil) and the Greek 

κυάνεος/κυανοῦς kyaneos/kyanous was chosen to emphasize the relationship with various 

phthalic acid-derived precursors. 1,2 The first molecules of this family were metal-free 

phthalocyanines (H2Pc - C32H18N8), shown in Fig.1. 1a. Twenty years after their discovery, 

Disbach and his coworker synthesised the first metal-phthalocyanine (MPc - C32H16N8M; 

M=metal Fig.1. 1b) with copper in its centre (CuPc). 1,2 

 

1.1.2. Structure 

Pcs are planar aromatic macrocycles and synthetic analogues of porphyrins; they consist of 

four isoindole units connected through nitrogen atoms known as azomethine nitrogen (γ -N; 

Fig.1. 1). Pcs present a π-electron aromatic cloud with 18 electrons delocalised over an 

arrangement of alternating carbon and nitrogen atoms. 3 The macrocycle (in which Pc-2 is the 

phthalocyaninate anion C32H16N8-2) has the capacity to coordinate with different cations. 

Interaction with two hydrogen atoms gives rise to the free-base phthalocyanine (H2Pc; Fig.1. 

1a) with symmetry D2h and with metal ions, metal phthalocyanines are formed (MPcs; Fig.1. 

1b). Depending on the oxidation state and size of the ionic radius of the metal (M), single-decker 

phthalocyanines (so-called monophthalocyanines, MPcs), double-decker (bisphthalocyanines; 

MPc2; Fig.1. 1c), and triple-decker (M2Pc3) structures can be produced. 4–9 Additionally, a 

variety of substituents can be incorporated to fine-tune the physico-chemical properties, 

including at the periphery and non-periphery of the macrocycle as well as at axial positions 

(Fig.1. 1b). On the other hand, many modifications can be made on the phthalocyanine ring , 

resulting in so-called Pcs analogues. 10  

Conventional single-decker MPcs (Fig.1. 1b) are characterised by their interaction with 

various divalent transition metal cations (M+2) such as manganese (Mn), iron (Fe), cobalt (Co), 

nickel (Ni), copper (Cu), and zinc (Zn), resulting in D4h symmetry. Coordination of Pc-2 with 

large metal ions such as rare-earths elements, which comprise a group of fifteen lanthanides 

(Ln) plus yttrium (Y) and scandium (Sc), produces double-decker structures. The rare-earth ion 

is sandwiched between two phthalocyanines ligands with face to face stacking, forming a 

structure with (ideally) D4d symmetry (Fig.1. 1c). The neutral form of these molecules is 

generally a radical complex (as confirmed by electron paramagnetic resonance studies, EPR). 
11,12 Bisphthalocyanines are composed of a trivalent metal centre (M3+), a dianionic macrocycle 

(Pc-2), and a monoanionic radial ligand (Pc•-), that is [M3+(Pc-2) (Pc•-)]. 13–15 The first rare-earth 

Pcs were reported by Kirin and Moskalev in 1965.5 These sandwich-type compounds are 

characterised by overlapping ligand π-orbitals depending on the lanthanide ionic radius. 6 To 
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avoid confusion in terminology, the following definitions will be used in this dissertation: LnPc2 

refers to lanthanide bisphthalocyanines and MPc2 to the complete rare earth group. 

Pcs show strong polymorphism, in other words, they crystallize into different structures, 

depending on the nature of the central metal ion, the substituents, and external conditions. Nine 

structures have been identified for phthalocyanines: α, β, γ, δ, ε, π, ρ, ξ, and σ. Most 

phthalocyanines crystallize into two phases: α and β (Fig.1. 2). 16,17 The main difference between 

these two polymorphs is the tilt angle of the molecular plane with respect to the stacking axis, 

the b-axis. In α-polymorphs, the tilt angle is 25-30° with respect to the normal to the molecular 

ring, whereas in the β-polymorphs the angle is 45-49°. 18 In the latter, in the case of single-

decker phthalocyanine, the γ-N atoms (azomethine nitrogen; Fig.1. 1a) of one MPc molecule are 

located axially above and below the central metal ion of the neighbouring MPc molecule, as 

illustrated in Fig.1. 2. Since the β-polymorph is more thermodynamically stable than the α-

polymorph (metastable), the latter can undergo a phase transition to the β-phase 16,17. The phase 

transition alters the electronic structure as evident from a colour shift to a greener blue. Often 

this colour change goes hand in hand with a reduction in the intensity of the dye 1 

 

1.1.3. Properties and applications  

Phthalocyanines are characterised by high thermal and chemical stability: many of them do 

not decompose up to 550° C and can sublimate, which can be an advantage for their purification. 
19, 20 Pcs are not affected by strong acids or bases. Only very strong oxidizing agents, such as 

dichromate–K2Cr2O7, can breakdown the molecules to phthalimide or phthalic acid.21 

Moreover, due to their stable electronic configuration, Pcs are chemically inert under a wide 

range of conditions. The macrocycle can only undergo oxidation-reduction and substitution 

reactions which do not alter the aromatic character of phthalocyanines and ring-opening 

reactions are unusual for Pcs because they require drastic conditions. 22 

 

Fig.1. 1. Structure of (a) free-base phthalocyanine (b) single-decker phthalocyanine and (c) double-decker phthalocyanine. 

Hydrogen atoms are omitted for reasons of clarity. 
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Fig.1. 2. Crystal structure of metal phthalocyanines: (a) α and (b) β −polymorphs. Modified from reference 16, Springer 

2012. 

The physical and chemical properties of phthalocyanines are determined by their molecular 

structure, for example, by the nature of the central metal atom and the presence of axial and 

peripheral substituents. Because they form aggregates as result of π-π stacking, unsubstituted 

Pcs have low solubility (approximately 10−4−10−7 mol/kg) in water and conventional organic 

solvents with boiling points below 100°C. This limits their use in applications, so it is essential 

to design and synthesise soluble phthalocyanines derivates. 23–25 To increase the solubility a wide 

a diversity of substituents can be attached either axially or at the periphery or non -periphery of 

the macrocycle (Fig.1. 1b).26 A variety of Pcs derivatives have been reported, incluiding 

sulfonated, cationic, zwitterionic, and carboxylated phthalocyanines. 26 Nevertheless, most 

substituted phthalocyanines are not as stable as the unsubstituted complex, and furthermore, 

their electronic properties are different. 23 For instance, polyethylene glycol (PEG)-substituted 

cobalt, nickel, copper and zinc phthalocyanines start to decompose in the range of 290 -399 °C 

in an air atmosphere. In contrast, their unsubstituted counterparts do so at around 400 °C.27 On 

the other hand, unsubstituted Pcs are usually soluble in solvents with high boiling points such 

as quinoline, chlorobenzene, nitrobenzene or strong acids, such as sulfuric acid. 23–25 
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Phthalocyanines show outstanding optical properties. The conjugated aromatic system of 

the Pc generates two intense bands in visible region absorption spectrum (Fig.1. 3): B or also 

called the Soret-band at 300-450 nm and the Q-band at 600-750 nm. The broad B-band arises 

from transitions from deeper π-levels to the lowest unoccupied molecular orbital (LUMO), i.e., 

from to a2u and b1u to eg. The strong Q-band derives from π-π* transitions from the highest 

occupied molecular orbital (HOMO) to the LUMO or a1u.→ eg transitions. 23,28,29 The position 

of the absorption bands of Pcs, specially the Q-band, is affected by the nature and position of 

ring substituents, the symmetry of the molecule determined by the nature of the ce ntral atom, 

but also aggregation and the molecular environment. 28,30,31 All phthalocyanines have similar 

optical properties, as in Fig.1. 3, indicating that the latter are determined more by the macrocycle 

structure rather than by the metal atom. 28,32,33   

Pcs tend to self-assemble and self-organise on different solid surfaces, due to strong 

attractive forces between their aromatic rings caused by π-π stacking interactions.34–36 The 

adsorption and self-assembly of various Pcs on metal surfaces such as copper (Cu), 3738,39 silver 

(Ag), 8,40–43 gold (Au), 4,8,31,44–48, iridium (Ir), 49 lead (Pb), 50 bismuth (Bi), 51 on inert insulating 

surfaces such as NaCl 52, liquid crystals34 and on the surface of carbon nanomaterials 9,53,54 such 

as carbon nanotubes,55–57 fullerene, 58,59 graphene,8,43,49,60 graphite, 61 graphene oxide 62 have 

been reported. Upon adsorption, the properties depend on the specific arrangement of the 

molecule as well as its interaction with the substrate including possible hybridisation. 49 MPcs 

are the most studied using scanning tunnelling microscopy (STM). Fig.1. 4 shows STM images 

of CuPc molecules assembled on a Bi(111) surface where each CuPc molecule exhibits a cross 

shape and four lobes 51 and the adsorption of yttrium and terbium bisphthalocyanines on 

Au(111) where for each molecule eight lobes can be distinguished. 4,63 

Since their discovery and identification, phthalocyanines have been widely used as dyes and 

pigments in the textile, paint, and printing industries.1 More recently, they have attracted 

considerable attention in a variety of applications which rely on their unique electronic and 

optical properties together with their high chemical and thermal stability, such as chemical or 

electrochemical sensors, 64,65 photodynamic therapy (PDT), 66–68 solar cells,35 optical storage 

data, 69 organic field-effect transistors (OFETs), 70 electrocatalysis, 71 organic light-emitting 

diodes (OLEDs), 72 spintronic devices, 73 and liquid crystal for displays. 74 
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Fig.1. 3. UV-Vis spectra of different (a) substituted monophthalocyanines in chloroform 28 and (b) substituted 

bisphthalocyanines derivates in dimethylformamide (DMF). 3 

 

 

Fig.1. 4. STM images of (a-c) CuPc molecules on a Bi(111) surface . Reproduced with permission from reference 51, 

Copyright 2017,.MDPI. (d-f) double-decker bis(phthalocyaninato)yttrium and terbium (YPc2 and TbPc2) adsorbed on 

Au(111). Reproduced with permission from reference 63 and 4, Copyright 2009 and 2014, ACS Publications and 

ELSEVIER, respectively.  
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1.2. Carbon nanotubes  

Carbon has an electronic configuration of 1s22s22p2 and it can hybridise in three forms sp3, 

sp2 and sp, giving rise to different allotropes namely graphite, graphene (single-layer graphite) 

and carbon nanotubes (tubular structure), where the carbon atoms form a hexagonal structure 

via sp2 hybridisation; fullerenes, where hexagons alternate with pentagons to form spherical 

molecules; diamond a cubic structure with sp3 hybridisation and lonsdaleite, that has a 

hexagonal lattice.75 

Carbon nanotubes have become one of the most studied carbon materials and are credited 

with triggering the nanotechnology revolution. 76 Currently, their discovery is attributed to 

Sumio Ijima for his publications “Helical microtubules of graphitic carbon” in 1991, where he 

describes multi-walled carbon nanotubes and “Single-shell carbon nanotubes of 1-nm diameter” 

in 1993, where transmission electron microscopy (TEM) images of single-walled carbon 

nanotubes were first observed.77,78 However, there are reports that precede the images of Ijima. 

The first is from 1889 and concerns the production of carbon filament, patented in the United 

States by Hughes and Chambers. 76 A second piece of evidence of carbon nanotubes dates back 

to the early 1950s when Radushkevich and Lukyanovich 76,79 published a report with clear 

images of hollow carbon fibres, a result that went unnoticed because it was published in the 

former Soviet Union in the Russian language in the middle of the Cold War. A third paper was 

published by Oberlin and Endo in 1976, who obtained carbon fibres from the decomposition of 

benzene. 76,80 

 

1.2.1. Structure 

A carbon nanotube (CNT) is usually described as one or more graphene sheets rolled up to 

form a cylinder and can surprisingly enough also be obtained experimentally in that way. 81 

Carbon nanotubes exhibit a one-dimensional (1-D) structure owing to their length to diameter 

ratio of about 1000 or more. Furthermore, they can have open ends or be closed with a fullerene-

like structure at each end. 82 CNTs can be classified into two types (Fig.1. 5): single-walled 

(SWCNT) and multi-walled (MWCNT) depending on the number of graphene layers. 83,84 

SWCNTs possess the simplest geometry, consisting of a single graphene sheet wrapped on itself 

in a tubular shape. They usually have a diameter of between 0.4 and 3 nm. MWCNTs are 

considered as an array of concentric SWCNTs, that is, they consist of multiple-sheets of 

graphene rolled in on themselves to form a tube leading to a diameter range  of 5 to 100 nm. 
76,83,85 Due to van der Waals interactions, the interlayer distance in MWCNTs is close to the 

distance between the atomic layers in graphite, approximately 3.3 Å. Since the length and 

diameter of MWCNTs differ a lot from those of SWCNTs their properties are of course also very 

different. 85  
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Fig.1. 5. Single-walled and multi-walled carbon nanotube structure. 

 

SWCNTs are classified into three crystallographic configurations depending on how the 

graphene sheet is rolled up (Fig.1. 6). This is specified by the chiral vector (𝐶ℎ
⃗⃗ ⃗⃗ ⃗⃗  ), which connects 

two equivalent carbon atoms on a graphene sheet and defines the circumference on the surface 

of the tube, 𝐶ℎ
⃗⃗⃗⃗ = 𝑛â1 + 𝑚â2. The chiral vector is determined by â1 and â2 , which are the unit 

cell vectors and n and m called indexes (integers 0 ≤ m ≤ n) and determine the chiral angle (θ). 

The different values obtained for these two parameters determine the type of nanotube: achiral 

armchair (n = m, θ = 30°), achiral zigzag (m = 0, n > 0, θ = 0°) and chiral (0< |m|< n, 0 < θ < 

30°). A nanotube is chiral when n ≠ m ≠ 0, otherwise it is achiral. The direction of the CNT axis 

is perpendicular (T) to the chiral vector. 82,86 Armchair and zigzag nanotubes structures have a 

high degree of symmetry, while the chiral tube structure can exist in two forms which are mirror 

images of one another. 76 

The curvature of the graphene sheet influences the reactivity of the CNTs because it 

determines the pyramidalisation angle θ and the π-orbital misalignment of the carbon atoms 

(Fig.1. 7). The chemical bonding of a CNT is composed entirely of sp2 bonds, as in graphene. 

However, the curvature formed by rolling up the graphene sheet alters the orbital structure of 

the carbon atom, because the bond length between them decreases and the bond angle changes. 

Due to the surface bending, the σ and π orbitals are no longer perpendicular to each other. 87,88 

Overlap of the π orbitals is introduced. Consequently, the parts of the π orbitals inside and 

outside of a nanotube rearrange, in a way that the outer contribution is larger than the inner on e 

(Fig.1. 7). The curvature induces a mixed state of σ and π orbitals, called rehybridisation (h π; σ-

π ), in other words, a mixture of sp2 and sp3 orbitals. 87,88 The curvature in CNTs also introduces 

a misalignment of π orbitals within the graphene sheet (Fig.1. 7). The π-orbitals of a CNT do not 

point directly toward the central axis of the nanotube, and adjacent carbon π-orbitals have a 

misalignment angle, φ, between them. 87,88 
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Fig.1. 6. (a) Schematic diagram showing how different CNT structures are obtained from a graphene sheet; Modified 

from reference 86, Copyright 2006, Taylor & Francis Group. (b) Structure of a CNT with different chirality: armchair, 

zigzag and chiral structure. Reproduced with permission from reference 75, Copyright 2016, CRC Press. 

 

1.2.2. Properties and applications  

CNTs are characterised by a tensile strength of over 100 GPa and a remarkable electronic 

response to strain and metal-insulator transition, a Young’s modulus greater than 1 TPa due to 

the rehybridisation, excellent electrical capacity (1000 times higher than copper), high thermal 

conductivity (about twice as high as diamond), thermal stability (MWCNT start to decompose 

at around 400°C and SWCNT at 600°C in air atmosphere) and a high surface area (1315 

m2g−1). Hence, CNTs can be considered for application in many fields, such as catalyst carrier, 

composite materials, supercapacitors, adsorbents for removing heavy metals ions (lead, copper, 

nickel, cadmium, and organic pollutants), batteries, fuel cells, hydrogen storage media, chemical 

and biological sensors, optical and optoelectronic devices, to mention but a few. 75,85,89 

However, at present, no CNTs-based application makes use of the properties of individual 

nanotubes. (References 75,85,89 explain in detail SWCNT and MWCNT properties and their 

applications).  

One of the limitations in the application of CNTs is the variation in their properties owing 

to a lack of structural homogeneity or uniformity. In any given sample, CNTs differ in length, 

diameter, chirality and the number of walls. Moreover, CNTs produced by different methods 

have multiple defects and impurities. To-date, synthesis methods are insufficient for the 

controlled production of CNTs with a uniform structure. 75,76 
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Fig.1. 7. Schematic representation of the π orbital in planar graphene and its change into hπ under bending together 

with the pyramidalization angle θ and the π-orbital misalignment angles along the C1-C4. Modified from reference 88, 

Royal Society of Chemistry.  

 

Another intrinsic drawback of CNTs is their insolubility or extremely poor solubility which 

makes their dispersion difficult in water and organic solvents so that they tend to exist in the 

form of bundles. Individual nanotubes stick together due to strong hydrophobic interactions and 

are extremely difficult to separate from each other, their processability and hence their 

application. 90,91 

 

1.3. Functionalisat ion: Phthalocyanine + carbon nanotube hybrids  

Dispersion of CNTs can be achieved by the chemical or physical modification of their 

nanotube surface, also called functionalisation. Of course this brings with it, changes in 

chemical, physical, electrical and mechanical properties, and is often utilised to improve 

interaction with other molecules and surfaces. 83,90–92 

Carbon nanotubes functionalisation methods are classified into covalent and non-covalent 

modification (Fig.1. 8). Covalent modification consists of the formation of covalent bonds 

between functional groups and the carbon atoms of the nanotube, either on its surface or at its 

ends. Covalent functionalisation can be direct or indirect. Direct covalent sidewall 

functionalisation involves a change in hybridisation from sp2 to sp3 and a simultaneous loss in 

conjugation by defect site creation (carboxylic acids and hydroxyl; -COOH, -OH, respectively; 

Fig.1. 8a). This can be accomplished using strong acids such as hydrochloric and nitric acid in 

an oxidation process, followed by functionalisation with the desired functional groups. 90–93 

Indirect functionalisation is the chemical transformation of defects sites in the CNTs (Fig.1. 

8b,c), that are originate in the synthesis and purification process as carboxylic acids and 

hydroxyl, pentagons, and heptagons (structural defects, they have greater reactivity than the 

perfect hexagonal lattice). Defects act as precursors for other reactions such as amidation, 

esterification, thiolation, silanisation, among others. 90–93 A detailed description of covalent 

modification can be found elsewhere. 83,90–97  
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Non-covalent functionalisation or physical modification comprises the formation of 

supramolecular systems that are created from the interaction of CNTs with atoms/molecules 

through hydrogen bonding, π-π stacking and adsorption, and van der Waals, electrostatic forces 

(Fig.1. 8d,e,f,g). Non-covalent CNT functionalisation strategies can be classified into two 

groups: exohedral, involving interaction with outer surface of the nanotubes as shown in Fig.1. 

8d,e and f, and endohedral where atoms/molecules inside the nanotube; Fig.1. 8g).92,93,97 

References 91–93 present a comprehensive summary of reported non-covalent hybrids.  

Most research has focused on obtaining covalent hybrids of phthalocyanines and CNTs since 

substituted Pcs are more soluble than unsubstituted ones. 9,53,98–106 Direct and indirect covalent 

functionalisation of SWCNTs and oxidised multi-walled carbon nanotubes (o-MWCNT) 3d(II) 

metal-substituted monophthalocyanines have been widely reported (R-MPc+CNT; Fig.1. 

8a,b,c). 9,98–101,107 Regarding the formation of hybrids with rare earth double decker 

phthalocyanines, only octaamino substituted erbium bisphthalocyanine (OAErPc2) covalently 

linked to oxidised SWCNTs (OAErPc2+o-SWCNTs; Fig.1. 8c) has to our knowledge been 

published. 105 Usually, covalent functionalisation of CNT sidewalls involves the use of highly 

reactive species such as aryl radicals, aryl cations, nitrenes and carbenes. 

Covalently functionalised CNTs are sufficiently dispersed to facilitate their manipulation, 

that is, the CNTs are less agglomerated or bundled (see Fig.1. 9a, covalent interaction between 

SWCNT and 2,3,9,10,16,17-Hexa-tert-butylphenoxy-23-(4-formylbenzoyloxymethyl) 

phthalocyaninate zinc, R-ZnPc, its structure is shown in Fig.1. 8b). 53,100 This approach is 

appealing because the stability of ensembles resulting from the covalent addition of functional 

molecules to the nanotube is much higher than physical interactions, which is desirable in terms 

of preparation of possible devices. 9,53,99 

Non-covalent interactions are particularly attractive, as the CNTs fully preserve their 

electronic network, hence, this approach is also important for the development of new materials. 

The immobilisation of Pc molecules onto the sidewalls of CNTs may give rise to novel 

nanodevices where the photophysical and conducting properties of the Pcs are coupled to the 

intrinsic electronic properties of the nanotubes (Fig.1. 8d.e,f).53 The self-assembly of Pc cores 

onto CNTs results from π-π interactions between the conjugated surface of the CNTs and the 

aromatic Pc macrocycles. Substituted (R-Pc; Fig.1. 8d,e) 99,104,107–115 and unsubstituted (Fig.1. 

8f )19,116–126 phthalocyanines have been deposited on the surface of CNTs notably on o-

MWCNT. As well as covalent interaction, transition metal monophthalocyanines are the most 

investigated systems. Only three supramolecular systems with substituted MPc2 (M = Er, Tb and 

Lu) are known.55,104,127–129 In the case of R-Pc, pyrene derivatives are frequently used as an 

anchor or bridge between the Pc and the nanotube (e.g., Fig.1. 8d).99,104,127 On the other hand, 

the encapsulation or endohedral interaction of Pcs inside CNTs has been studied with H2Pc,130 

CoPc131 and TbPc2132 and there are few published examples of their characterisation (Fig.1. 8g).   
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Fig.1. 8 General classification for the methods of CNT modification, based on different types of interactions and attachment 

sites employed with Pcs. (a) Direct 98 and (b) (c) indirect 100,105 covalent functionalization; (d) (e) (f) exohedral 104,113,129 and (g) 

endohedral noncovalent interactions 131,132. 

 

The morphological differences between endohedral and exohendral interactions of CNTs 

can be clearly visualised by transmission electron microscopy (TEM; Fig.1. b,c). The roughness 

and increased thickness of the outer walls of the functionalised nanotubes reveal the presence of 

phthalocyanine molecules on the surface of the carbon nanomaterial. Fig.1. 9a shows the 

interaction of oxidised and functionalised multi-walled carbon nanotubes with 3,4,4,4-

tetrasulfonic acid tetrasodium salt copper phthalocyanine (TS-CuPc; see structure in Fig.1. 8e). 
113 The encapsulation of phthalocyanines in SWCNT and MWCNT is observed in Fig.1. b, where 

the nanotubes are filled with CoPc. 131 

 

1.3.1. Functionalisat ion methods  

The production of Pc+CNTs hybrids has most often been performed in liquid phase, which 

includes the use of water and organic solvents such as DMF, tetrahydrofuran (THF) and alcohols 

(ethanol, methanol, isopropanol and pentanol). The methods that have been implemented are 

sonication, stirring, refluxing, centrifugation and solvothermal (hydrothermal  treatment). 
104,118,120,133–135 In contrast to the diversity of reported articles on functionalisation of CNT s in 

liquid phase, there are few studies describing solid phase processes. 118 
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Fig.1. 9. (a) TEM images of pristine SWCNTs and R1R2-ZnPc+SWCNT. Reproduced with permission from reference 100, 

Copyright 2007, ACS Publications. (b) TEM image of ST-CuPc+o-MWCNT. Reproduced with permission from reference 113, 

Copyright 2007, ACS publications (c) TEM images of CoPc filled CNT, Reproduced from ref 131, Copyright 2007, Wiley-VCH. 

(d) A schematic of the gas-sensing mechanism of CoPc+MWCNT@PANI sensors upon interaction with NH3. Reproduced with 

permission from reference 136, Copyright 2017, Royal Society of Chemistry. (e) FePc+o-MWCNT/N-doped realize the 

performance of similar single-atom catalysis for oxygen reduction reaction. Reproduced with permission from reference 133, 

Copyright 2018, Journal of Power Sources. (f) Spin valves. Top, Atomic Force Micrograph (AFM) of the supramolecular spin 

valve. The SWCNTs lies on a SiO2 surface supported by a back gate and is connected to a palladium source and drain 

electrodes and bottom, scheme of the supramolecular spin-valve architecture (hexyl and pyrenyl groups are omitted for 

reasons of clarity). Reproduced from reference 129, Copyright 2011, Nature. 

 

The functionalisation of CNTs in liquid and solid phase, whether covalent or non-covalent, 

requires the use of large amounts of organic solvents and subsequent purification processes 

(extraction, centrifugation, precipitation, filtration, solvent evaporation and drying) to remove 

excess reagent. In addition, they involve conventional multi-step techniques with extended 

reaction time, high energy consumption and the use of auxiliary reagents that can be toxic and 

corrosive. This leads to the search for alternative methodologies for obtaining Pc+CNT s hybrids. 

In this context, Basiuk et al. (2018) 19 proposes the functionalisation of nanotubes with 

transition metal phthalocyanines in gas phase and thus a solvent-free environment, this method 

requires a controlled thermal activation without need  for subsequent purification processes. 
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1.3.2. Applications  

Interactions of phthalocyanines and carbon nanotubes hybrids (Pc+CNTs) have drawn 

attention due to their synergic combination of electrical, optical, and mechanical properties. The 

individual features of Pcs and CNTs make them the molecular building blocks of donor-acceptor 

(D-A) systems, which has led to the use of Pc+CNTs hybrids in optoelectronic devices, 100,102,103  

solar cells, 113 sensing devices (rutin, 121 isoniazid, 122 H2O2, 137 thiocyanate, 107 epinephrine, 138 

glutathione, 124 acetone and hydrogen sulfide 139), electroactivity toward oxygen reduction 

reaction (ORR), 118–120,125,133,140 gas sensors (dimethyl methylphosphonate-DMMP, 115 Cl2 

111,114,116 and NH3 108,109,136), oxidation of the asulam herbicide, 141 electrocatalytic CO2 126,134,135 

and nitrate 123 reduction, removal of Cu(II), 112 and spintronic devices. 104,127,129 Various studies 

have shown these hybrids to present enhanced features compared to the individual CNTs or Pcs.  

For example, the synthesis of non-covalent hybrids of MWCNTs and tetra-b-

carboxyphthalocyanine cobalt (Tc-CoPc+MWCNT) for the detection of ammonia (NH3) is 

presented in Fig.1. 9d. In this case, Tc-CoPc acts not only as a sensing promoter but also as an 

efficient mediator to couple MWCNTs with PANI (polyaniline). Fig.1. 9d shows an 

improvement in sensitivity and detection of NH3 by the hybrid compared to its individual 

components. 136 Another example is illustrated in Fig.1. 9e the hybrid formed from FePc and o-

MWCNTs/N-doped reaction, FePc+o-MWCNTs/N-doped exhibits superior catalytic activity 

for oxygen reduction than commercial platinum-carbon catalyst, with higher half-wave (0.86 V), 

lower Tafel slope (38 mV dec−1) and excellent electrochemical stability. 133 Hybrids with double-

decker phthalocyanines have been least explored. Their main applications tend towards the 

elaboration of spin devices with quantum properties, considering the behaviour of earth rare 

bisphthalocyanines as a single-molecule magnet (SMM). For this study, SWCNTs and R1R2-

TbPc2 (R1 = pyrenyl and R2 = hexyl; Fig.1. 9f) have been used. 129 

 

1.4. Molecular modell ing  

Molecular modelling is a set of computational techniques that represent molecular 

structures and simulate their behaviour using computer programmes. The data obtained include 

molecular geometries (bond lengths, bond angles, torsion angles), energies (forma tion, gap, and 

activation energy, etc.), electronic properties (electron affinity, HOMO-LUMO distribution, spin 

density and charges) and spectroscopic properties (vibrational modes and intensities). 142  

 

1.4.1. Molecular mechanics  

Molecular mechanics (MM) is based on a mathematical model of a molecule as a collection 

of balls or spheres (atoms) held together by springs (bonds, see Fig.1. 10). It assumes that the 

relative positions of the nuclei of the atoms forming a structure are a function of operating 

attractive and repulsive forces, 143 thereby allowing the application of the laws of classical 

mechanics. MM does not consider electrons, therefore, it does not generate information on 

electronic properties such as charge distribution or nucleophilic or electrophilic behaviour. 
143,144  Molecular mechanics is used when simulation of chemical reactions is  not required. 143 
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This modelling technique is suitable for predicting the potential energy of a system with a large 

number of atoms or molecules at a relatively low computational cost compared to quantum 

mechanics.143 

 

Fig.1. 10. Hypothetical mechanic model: spheres joined by mechanical springs, where the sphere and spring represent 

the atom and covalent bond, respectively. 

 

The MM energy of a molecule is described in terms of a sum of contributions arising from 

bond stretching, angle bending, torsion angles, together with contributions due to “non -

bonded” interactions: van der Waals and Coulombic (equation 1.1.) 144 The mathematical form 

of each contribution and the parameters in it, constitute a force field, and MM methods are 

sometimes called force field methods. Thus, the total potential energy of a molecule is expressed 

as the sum of all different attractive and repulsive forces between atoms in the structure. 143,144 

 

       𝐸𝑡𝑜𝑡𝑎𝑙 = ∑𝐸𝑠𝑡𝑟𝑒𝑡𝑐ℎ𝑖𝑛𝑔 + ∑𝐸angles + ∑𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 + ∑𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 + ∑𝐸𝑣𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠    (1. 1) 

 

Numerous force fields have been developed within MM, such as AMBER, CHARMM, 

MM1, MM2, MM3 and MM4, which have been used to study different systems including 

biomolecules (proteins and nucleic acids), organic compounds and polymers , with the aim of 

achieving a geometry with the lowest energy conformation for the system. For systems with 

carbon nanotubes and phthalocyanines, only the self-assembly geometry of porphyrins in a 

nanotube and HOPG model has been previously reported using the MM+ force field of the 

HyperChem software, 145–148 a variation of the MM2 force field. 144,149 

 

1.4.2. Density funct ional theory  

Density functional theory has become the most popular and versatile modelling method for 

investigating electronic structure properties of many-body systems, such as atoms and molecules 

in physics, chemistry, and material science.150 Density functional theory unlike ab initio and 

semiempirical methods is not based on the wavefunction, but is related to the electron 

probability density function or charge density, designated by ρ(x, y, z). 142,151Formally, this 

theory is based on the Hohenberg and Kohn theorems and computationally the Kohn-Sham (KS) 

method is applied using a mean-field approach. 152 This method represents the density functional 

EKS-DFT[ρ] as the kinetic energy contribution of the non-interacting electrons Ts[ρ] (reference 

system), Coulomb repulsion J[ρ] and the addition of EXC[ρ], a term containing the kinetic energy 

of the real system (interacting system T[ρ]), which is known as exchange and correlation energy 

(equation 1.2)152 
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                                                         𝐸𝐾𝑆−𝐷𝐹𝑇[𝜌] =  𝑇𝑠[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌]                                              (1. 2) 

                                                     𝐸𝑋𝐶[𝜌] = (𝑇[𝜌] − 𝑇𝑠[𝜌]) + (𝑉𝑒𝑒[𝜌] − 𝐽[𝜌])                                         (1. 3) 

The first parenthesis in equation 1.3 may be considered as the kinetic correlation energy(T), 

while the last contains both potential correlation and exchange energy, where Vee [ρ] is the 

electron-electron interaction and is the sum of a classical (Coulomb repulsion) and a non-

classical interaction. 152 However, the explicit expression of EXC[ρ] remains unknown. There are 

many approaches that have shown satisfactory results; such approaches have been grouped into 

generations that remember the Jacob’s ladder rungs. 152 At the lowest rung of this ladder, the 

contribution to the energy from a volume element of 3-dimensional space is determined by the 

local density there. Higher rungs or levels incorporate increasingly complex ingredients 

constructed from the density or the Kohn-Sham orbitals in or around this volume element. The 

exchange-correlation functionals are: 153  

- Local density approximation (LDA) approximation: functionals assume that the 

density locally can be treated as a uniform electron gas, or equivalently that the 

density is a slowly varying function. 

- Generalised gradient approximation (GGA) approximation: functionals that depend 

not only on the density at one point but also its gradient ∇[ρ]. 

- Meta-GGA approximation: functionals improve the GGA approximation by using 

the kinetic energy density and/or the Laplacian of the density.  

- Hybrid functionals: functionals that mix the Hartree–Fock exchange integral with 

GGA exchange functionals at a constant ratio, based on the concept of the adiabatic 

connection 

-  Functionals that consider virtual orbitals 

In relation to Pc+CNTs hybrids, the pure Perdew Burke Ernzerhof (PBE) functional in the 

frame of the GGA turns out to be the most frequently used one, due to its cost -efficiency and 

reliability.19,57,125,134,139,154–160 

The parameters that have been evaluated for Pc+CNTs hybrids include the influence of the 

structural characteristics of the carbon nanotubes such as chirality, diameter, length and defects 

in the hexagonal lattice on the electronic and optical properties (e.g. HOMO, LUMO, and gap 

energies), as well as obtaining the most energetically stable geometry by evaluating the position 

of phthalocyanines on the carbon nanotubes surface. 19,57,125,134,139,154–160 Different DFT 

computational strategies and methodologies have started to be implemented to explain their 

behaviour in various applications especially for oxygen reduction reaction (ORR) and as sensors, 

determining the energy of the active centres and the geometry stability of each complex or 

systems formed.57,125,134,139,155,160 

In particular, the Pc+CNTs hybrids formed by non-covalent interactions, two models of 
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nanotubes with chirality armchair and zigzag of closed-end and with free base phthalocyanines 

and transition metals (MPc; M=Fe, Co, Ni, Cu and Zn) have been studied. 19,157,158,161 The 

adsorption of MPc on nanotubes with perfect hexagonal lattice has been studied. However, 

H2Pc has been deposited on the surface of nanotubes with and without Stone-Wales defects and 

the structural and electronic properties compared to determine the influence of defects on the 

electronic characteristics of the resulting H2Pc+CNTs hybrids.157,161 Additionally, the influence 

of different calculation conditions, such as the GGA functional type and basis set of the DMol3 

module from Materials Studio software, on the optimisation of the geometry of isolated or 

individual hybrid components and of the hybrid itself, and consequently of the electronic and 

structural features, has been evaluated. 

In general, most experimental and computational research has focused on the 

functionalisation of carbon nanotubes with 3d metal substituted phthalocyanines. 

 

1.5. Challenges 

Although the functionalisation of nanotubes with substituted metal phthalocyanines is 

proposed as an alternative to improve nanotube dispersion and other properties , obtaining non-

covalent hybrids with unsubstituted phthalocyanines is a challenge. An essential feature for a 

homogeneous interaction between the phthalocyanines and the CNTs is that the 

phthalocyanines are soluble, however, both components tend to aggregate. In Chapter 3 of this 

thesis, an alternative solvent-free methodology is used to achieve the functionalisation of single-

walled carbon nanotube with 3d metal phthalocyanines, taking advantage of their thermal 

stability. On the other hand, functionalisation with rare-earth double-decker phthalocyanines is 

even more complex, as they are not commercially available, and the yields of the different 

conventional experimental strategies are low (5 to 60%, only for unsubstituted double -decker),5 

high boiling point solvents (above 100 °C as mentioned in section 1.1.3.) are used, additional 

by-products are obtained, and their purification involves column chromatography. Chapter 5 

explores this challenge further and proposes a new synthesis methodology using a solvothermal 

technique, followed by deposition on the SWCNTs by conventional methods such as a reflux 

system. 

Unfortunately, experimental characterisation of Pc+CNTs hybrids is not an easy task and 

usually requires a range of analytic techniques (infrared, ultraviolet-visible, Raman, and X-ray 

photoelectron spectroscopy, thermogravimetric analysis, and different microscopies such 

scanning and transmission, among others). Even so, the information is often insufficient to 

provide detailed insight into the Pc-CNT hybrids. As a result, it is necessary to also use 

computational tools such as molecular modelling to complement experimental observations. 161  

Optimisation of the hybrids models is also complicated by the central coordination metal of 

the phthalocyanines, especially in DFT. The calculation of d-transition metal complexes 

(monophthalocyanines) does not involve large difficulties compared to lanthanide complexes 

(bisphthalocyanines). The quantum chemistry of lanthanides is more challenging, due to their 

non-Aufbau configuration and the characteristics of the f shell, 162 as discussed in Chapter 6. 
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1.6. The research aims of this thesis  

As discussed in the previous sections, the π-π interactions between carbon nanotubes and 

phthalocyanines has the advantage of preserving the graphene lattice and possibly, its properties, 

as well as of the phthalocyanines. Additionally, the formed hybrids potential give rise to a wide 

spectrum of applications. Therefore, the main aim of this dissertation was to functionalise single-

walled carbon nanotubes with unsubstituted phthalocyanines coordinated with transition (MPc; 

M= Mn, Fe, Co and Ni) and rare earth (MPc2; M= Y, La, Gd, Tb and Lu) metals. 

Non-covalent attachment is performed with pristine SWCNTs and unsubstituted 3d 

transition metal phthalocyanines because they have higher thermal stability than their homologs 

phthalocyanines with substituents and MWCNTs. Furthermore, there has been no previous 

experimental and molecular modelling reports for unsubstituted bispthalocyanines with rare 

earth metals on the surface of carbon nanotubes, making this a novel system to study 

The choice of pristine single-walled CNTs synthesised by Chemical Vapour Deposition 

(CVD) for functionalisation deserves a special explanation. In general, single-walled carbon 

nanotubes are preferable than multi-walled CNTs from a characterisation point of view: in the 

latter case, only the outer nanotube layer undergoes functionalisation, and therefore the 

contribution of functionalising molecules/moieties in spectra, microscopic images and thermal 

analysis data is 1 to 2 orders of magnitude lower than in the case of SWCNTs. Consequently, 

some techniques cannot detect functionalising molecules in multi-walled carbon nanotubes 

samples. When choosing between pristine and purified SWCNTs, there is a trade-off between 

two factors: purity (>95%) and cost ($200; especially important for large-scale applications).  

The specific goals of this research were: 

-  To functionalise single-walled carbon nanotubes with unsubstituted transition metal 

phthalocyanines by sublimation and characterise each product obtained. 

 

- To obtain rare earth double-decker phthalocyanines without substituents by 

solvothermal treatment as a new synthesis method and subsequently deposit them on 

single-walled carbon nanotubes surface. 

 

- To analyse the self-assembly of phthalocyanines on the surface of single-walled carbon 

nanotubes by molecular mechanics and the electronic and structural characteristics of 

the hybrids by density functional theory. 

 

1.7. Thesis outline  

The research conducted has been organised into several chapters as follows  

Chapter 2 explains each of the analytical techniques that were implemented for the 

characterisation of synthetised Pc+SWCNTs hybrids and the calculation methodology that was 

used for the geometry optimization of the hybrids and their individual components. 
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Chapter 3 describes the functionalisation of single-walled carbon nanotubes with 3d metal 

monophthalocyanines (MPc; M= Mn, Fe, Co and Ni) by sublimation or gas phase as an 

alternative methodology to conventional ones that use organic solvents and long reaction times 

and the characterisation of each product. Additionally, the hybrids were tested as electrocatalysts 

for an oxygen evolution reaction in alkaline medium.  

Chapter 4 presents the optimised geometries by DFT of the hybrids formed by cobalt and 

nickel monophthalocyanines and two models of carbon nanotubes (armchair and zigzag) with 

Stone-Wales defects incorporated in different orientations, with the aim of analysing the 

influence of the defects on the electronic properties such as formation and gap energy, HOMO-

LUMO distribution, spin density and Mulliken population analysis of the hybrids and structural 

features such as closet distance between the transition monophthalocyanines and the CNT, bond 

angles and length. Results were compared from the same hybrids but with nanotubes with 

perfect graphitic lattice. 

Chapter 5 is devoted to the solvothermal synthesis of rare-earth double-decker 

phthalocyanines (MPc2; M= Y, La, Gd and Tb) as a new synthesis methodology and their 

adsorption on the surface of single-walled carbon nanotubes by reflux and the characterisation 

of the products obtained in each experimental process. 

Chapter 6 provides a DFT study of the structural changes and electronic properties of rare-

earth bispthalocyanines (MPc2; M= Y, La, Gd and Lu) when they are absorbed on the surface of 

two models of carbon nanotubes (armchair and zigzag). Minimum energy geometries of 

individual components and of the MPc2+SWCNT hybrids were obtained employing two 

calculation methods as a function of the central coordination metal. Core treatment semi -core 

pseudopotential (DSPP) with DN basis set was employed for lanthanide double-decker 

phthalocyanines (LnPc2; Ln= La, Gd and Lu), whereas an all-electron treatment with three basis 

sets DN, DND and DNP was used for yttrium bispthalocyanines. 

Finally, Chapter 7 details the characterisation of a carbonaceous material obtained from the 

purification of free base phthalocyanines using a sublimation approach for the deposition of 

MPcs on the surface of nanotubes under the same functionalisation conditions (Chapter 3). The 

results obtained by analytical techniques and different tests indicate that the carbonaceous 

material corresponds to carbon fibres doped with nitrogen and the process of obtaining it is 

explained by DFT. 
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2.1. Introduction  

This chapter details the analytical techniques that were used to characterise the 

synthesized materials. Most experiments were carried out at facilities of the National 

Autonomous University of Mexico (UNAM) and the University of Groningen (RUG). Some 

of them, which were performed in collaboration with external universities, are also 

mentioned in this section. If a specific measurement was not performed by the author, this is 

specified herein as well. 
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2.2. Characterisation techni ques 

2.2.1. Fourier transform infrared spectroscopy  

Fourier-transform infrared (FTIR) spectroscopy is a non-destructive technique to identify 

the functional groups in materials (gas, liquid and solid) using a beam of infrared radiations. 1 

An infrared spectrum is commonly obtained by passing infrared radiation through a sample and 

determining what fraction of the incident radiation is absorbed at a particular energy. 2 The 

energy at which a peak appears in an absorption spectrum corresponds to the frequency of a 

vibration of a part of a sample molecule. 2 For a molecule to absorb infrared light, the electric 

dipole moment of the molecule must change during the vibration. This is the selection rule for 

infrared spectroscopy. 1,2  

FITR is often used with an attenuated total reflection (ATR) accessory, a crystal placed 

horizontally in contact the sample. An infrared beam is directed onto this optically dense crystal 

with a high refractive index at a certain angle. This internal reflectance creates an evanescent 

wave that extends beyond the surface of the crystal into the sample. The evanescent wave is 

attenuated in the regions of the infrared spectrum where the sample absorbs energy. The 

attenuated beam returns to the crystal, then exits the opposite end of the crystal and is directed 

to the detector in the spectrometer. The detector records the attenuated infrared beam as an 

interferogram signal, which can then be used to generate an FTIR spectrum (see Fig.2. 1). 1,3 

ATR-FTIR spectroscopy has dramatically improved the quality of infrared spectra and 

minimized the time required for data acquisition.2 ATR-FTIR spectroscopy is most widely used 

for the qualitative analysis of organic compounds. Each compound has a unique spectral 

fingerprint that depends on its molecular structure. 1 On the projects described in this 

dissertation, ATR-FTIR was employed to identify the typical features of commercial and 

synthesized phthalocyanines and their presence on the functionalised single-walled carbon 

nanotubes.    

 

 

Fig.2. 1.Schematic if a typical attenuated total reflectance. Modified from reference 2, Copyright 2006, Wiley. 
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The FTIR spectra reported in Chapters 3 and 7 were acquired at room temperature and 

under atmospheric pressure, using a Spectrum 100 FTIR PerkinElmer spectrophotometer, 

complemented with a universal attenuated total reflection sampling accessory (UNAM).  

The FTIR spectra shown in Chapter 5 were collected on a Bruker Vertex 70 spectrometer, 

complemented with ATR sampling accessory. Each spectrum was the sum of 40 scans acquired 

in the range 500-4000 cm-1 with a resolution of 4 cm-1 at room temperature and under 

atmospheric pressure (RUG). All the samples were analysed in powder form and placed without 

any treatment on the ATR crystal. 

 

2.2.2. Raman spectroscopy 

Raman spectroscopy is a technique that exploits light scattering to measure the vibrational 

energy modes of a sample. Raman spectroscopy, like ATR-FTIR spectroscopy, is a non-

destructive technique that provides chemical and structural information and allows the 

identification of substances, even different forms of carbon. 1,4 

When monochromatic light is scattered, the oscillating electromagnetic field of a photon 

induces a polarisation (deformability) of the electron cloud, which leaves the molecule in a virtual 

higher energetic state (energy of the photon transferred to the molecule) which is not stable and 

the photon is reemitted almost immediately, as scattered light. 4,5 This scattering phenomenon 

occurs in different ways (Fig.2. 2a). 4,5 If the energy of the molecules does not change after their 

interaction with the photon, in other words, if the molecules relax back to the initial ground state 

(energy of scattering particle is conserved), this is known as elastic or Rayleigh scatt ering. 

Rayleigh scattering is by far the dominant process in light scattering. Nevertheless, the relaxation 

can also be inelastic, when the molecules release a different quantity of energy to that of the 

incident photon, this phenomenon is Raman scattering. 

Fig.2. 2. Three types of scattering processes that can occur when light interacts with a molecule and (b) Jacoblonski diagram 

showing the origin of Rayleigh, as well as Stokes and Anti-Stokes Raman Scattering.  
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There are two types of Raman scattering: Stokes and anti-Stokes Raman scattering. 4,5 In 

the case of Stokes scattering, the molecules initially in the ground vibrational state , gain energy 

from the photon during the scattering (excitation to a higher vibrational level) and then the 

wavelength of the scattered light is higher that of the incident light. 4,5 Conversely, in anti-Stokes 

scattering, the molecules initially in a vibrational excited state, lose energy by relaxing to a lower 

vibrational level and the wavelength of the scattered light is lower than the incident light. 4,5 

Fig.2. 2b displays the Jablonski diagram of the energetic transitions involved in light scattering. 

In the Raman spectrum the Stokes bands are much more intense than anti-Stokes since at 

ambient temperature most molecules are in the ground state. 4 

Raman spectra shown in Chapter 3 served to evaluate the structural characteristics of the 

single-walled carbon nanotube after functionalisation; those depicted in Chapter 5 to determine 

the typical features of the rare-earth bisphthalocyanines; and the ones in Chapter 7 to identify 

the carbonaceous material obtained after pyrolysis of the metal-free phthalocyanine.  

The Raman spectra reported in Chapter 3 were acquired using a Thermo Fisher Scientific 

micro-Raman spectrometer with a laser wavelength of λ =532 nm was used  and normalised in 

origin pro 2017 software on a scale from 0 to 1. The Raman spectra were collected by Cristina 

Zorrilla Cangas from the Laboratory of Advanced Materials of the Institute of Physics of UNAM. 

The Raman spectra displayed in Chapter 5 were recorded at an excitation wavelength of 785 

nm on using a 50x long working distance objective on a BX-51 microscope. Excitation was 

provided by an ONDAX LM-785 laser (75 mW at source), which was passed through a laser line 

clean up filter (Semrock LL01-785), a 
1

2
 λ retarder and polarising beamsplitter to control power 

and then through a second 
1

2
 λ retarder to control polarisation. The spectra were the sum of 60 

scans acquired with typical acquisition of 0.5 to 1 s. The measurements were carried out by Dr 

Wesley Browne from the Molecular Inorganic Chemistry Department of the Stratingh Institute 

of Chemistry of RUG.  

A Thermo-Nicolet Almega Dispersive Raman spectrometer operating with a laser 

wavelength of λ =532 nm was employed for the spectra obtained in Chapter 7. Each spectrum 

was the sum of the 5 scans and silicon was used as reference and calibration. The spectra were 

acquired by the author of the research at Spectroscopic Characterization University Laboratory 

of Institute of Applied Sciences and Technology (ICAT by its acronym in Spanish) of UNAM. 

All samples were measured in powder form, placed on glass microscope slides.  

 

2.2.3. UV-visible spectroscopy 

UV-Vis spectroscopy can be used to measure which wavelengths of ultra violet or visible 

light that are absorbed by or transmitted through a sample in comparison to a reference or blank 

sample. 6 The technique can be used both quantitatively and qualitatively. Since the electronic 

excitations giving rise to absorption depend on the sample’s composition, UV-Vis spectroscopy 
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can potentially provide information on what is in the sample and in what concentration. 6 In this 

PhD project, UV-vis spectroscopy was used to identify the bands characteristic of commercial 

phthalocyanines, of phthalocyanines synthesised in this research and of those found in the 

functionalised carbon nanotube samples. It is known that phthalocyanines and their complexes 

absorb light in the blue-green region of the visible spectrum (see Chapter 1). 

UV-vis spectra shown in Chapter 3 and 5 were measured in two aprotic polar solvents with 

high boiling points, 153°C for N, N-dimethylformamide (DMF, 99.8% purity) and 189 °C for 

dimethyl sulfoxide (DMSO, 99.9%) in the range of λ=300-800 nm using a Cary 60 UV-vis 

spectrophotometer. Solutions were prepared with 1 mg of the product in 2 mL of the solvent . 

Since these were saturated solutions, a dilution was prepared from aliquots of 1 mL in 1 mL of 

each solvent. For the spectra shown in Chapter 3 only DMF was employed.  

 

2.2.4. X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytical technique, in which 

X-rays bombard the surface of a material and the kinetic energy of the emitted electrons is 

measured. The two major characteristics of this technique that make it powerful as an analytical 

method are its surface sensitivity and its ability to reveal chemical state information for the 

elements in the probed volume. XPS can detect all elements except for hydrogen and helium, 

whose X-ray absorption cross sections are too small. Only the kinetic energy of photoelectrons, 

which have not suffered inelastic scattering more than once on their way from the photoemitting 

atom to the detector, can be used to deduce their binding energy. This implies that XPS probes 

to a depth of at most 10 nm.7 

X-ray photoelectron spectroscopy analysis detailed in Chapter 3 was performed using a 

Surface Science SSX-100 ESCA instrument with a monochromatic Al Kα X-ray source (hν= 

1486.6 eV). The pressure in the measurement chamber was maintained at 1x10-9 mbar during 

data acquisition. The electron take-off angle with respect to the surface normal was 37°. The 

samples were dispersed in isopropanol by sonication for 10 min, and two small drops of the 

suspension were deposited on a homemade 150 nm thick gold film supported on mica 8 and left 

to dry in air. All XPS spectra were analysed using a least-squares curve-fitting program Winspec 

(developed at LISE laboratory of the University of Namur, Belgium). Spectral analysis included 

a Shirley background subtraction and fitting with peak profiles taken as a convolution of 

Gaussian and Lorentzian functions. All bindings energies derived from deconvolution are 

reported ±0.1 eV.  

The XPS measurements reported in Chapter 7 were performed using a Thermo K-Alpha 

XPS system using monochromated Al K-α X-rays (energy of 1486.6 eV). The X-ray source was 

operated at 12 kV accelerating voltage and 6 mA emission. An electron flood gun was employed 

for charge compensation. Peak fitting was performed using the Thermo Scientific Avantage XPS 

software package; it included a Shirley background subtraction and fitting with Gaussian-

Lorentzian peaks profiles. The measurements were realised by Dr. Billy J. Murdoch from the 

RMIT Microscopy & Microanalysis Facility, College of Science, Engineering & Health, RMIT 
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University, Melbourne 3001, Victoria, Australia. 

 
2.2.5. Electron paramagnetic resonance spectroscopy  

Electron paramagnetic resonance (EPR), which is also called electron spin resonance 

(ESR), is a technique based on the absorption of electromagnetic radiation, in the microwave 

frequency region, by a paramagnetic sample placed in a magnetic field. The absorption takes 

place only for definite frequencies and magnetic field combinations that depend on the sample 

characteristics, which means that the absorption process is resonant. 9 The basic concepts of the 

technique are analogous to those of nuclear magnetic resonance spectroscopy, but it is the 

unpaired electron spins that are excited instead of the spins of atomic nuclei. ESR is particularly 

useful for studying metal complexes or organic radicals. 10 

The EPR spectra reported in Chapter 5 were recorded at room temperature on a Bruker 

EMXNano X-band spectrometer with optical access to the cavity operating at 9.65 GHz with a 

power of 50 dB, a gain 40 dB, a sweep width of 200 G, a sweep time 60 s and a m odulation 

amplitude of 1.0 G. The free radical detection of the synthesised rare-earth double-decker 

phthalocyanines was carried out with approximately 2 mg, that were placed inside a glass EPR 

tube. The carbon nanotubes fictionalised with bisphthalocyanines were measured in a barium 

sulphate mixture at a ratio of 1:2 (CNT:BaSO4). The measurements were carried out by Dr 

Wesley Browne from the Molecular Inorganic Chemistry Department of the Stratingh Institute 

of Chemistry of RUG. 

 
2.2.6. Thermal analysis  

Thermal analysis refers to a set of techniques in which the weight change of a sample is 

measured as a function of temperature or time in an atmosphere of nitrogen, helium, air, other 

gas, or in a vacuum. 11 Weight loss or gain can be due to decomposition, oxidation, or 

dehydration. 11 Among the most common methods are thermogravimetric analysis (TGA) and 

differential thermal analysis (DTA). 11 DTA relies upon the temperature difference between the 

sample and the reference material, to determine the presence of endothermic and exothermic 

processes. 11 For the projects described in this dissertation, thermal analysis was employed to 

determine the composition of materials and to explore their thermal stability at temperatures up 

to 1200° C. 11 DTA relies on the temperature difference between the sample and the reference 

material, to determine the presence of endothermic and exothermic processes. 11 

Thermogravimetric analysis and differential thermal analysis reported in Chapters 3 and 7 

were performed using a NETZSCH STA 449C Jupiter instrument, under air flow of 30 mLmin -

1 and with a heating ramp of 10°C min-1 to 1000°C (Faculty of Science of UNAM).  

The TGA/DTA curves displayed in Chapter 5 were acquired on a TA Instruments SDT 2960 

setup. Samples of approximately 5 mg were heated in an air flow of 100 mLmin -1 from 10 °C 

min-1 to 1000 °C (Zernike Institute for Advanced Materials of RUG). 
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2.2.7. Scanning electron microscopy   

Scanning electron microscopy (SEM) is an electron microscopy technique capable of 

imaging the morphology of a sample surface with higher resolution than that of an optical 

microscope. 12 In SEM a highly energetic focused electron beam is scanned over the surface of 

the sample and the reflected electrons are collected (Fig.2. 3a). 13 The most common collected 

signals are secondary electrons (SE) from excited atoms. The amount of electrons collected 

depends on the presence of asperities at the surface and hence provides a morphological image.12 

Since the impinging electrons can also lose energy to core electrons of surface atoms and hence 

cause the emission of X-rays, scanning electron microscopes are frequently equipped with 

energy-dispersive X-ray (EDS or EDX) analysis to also perform elemental analysis of the scanned 

materials. 1 

For the samples described in Chapters 3 and 7, SEM was performed using a JEOL JSM -

6510LV microscope operating at 20 kV, coupled to an EDS INCA Energy 250 Energy Dispersive 

X-ray Microanalysis System from Oxford Instruments. The measurements were performed by 

Dr. Victor Meza-Laguna from the Nuclear Science Institute of UNAM.  

A FEI Nova NanoSEM 650 equipped with an Ametek EDAX-TLS EBSD system has been 

used operating at 20kV for the imaging and analysis of the samples of the study detailed in 

Chapter 5. Elemental analysis and phase mapping were also conducted using this microscope.  

The samples were analysed in powder form, attached to carbon tape. 

 

2.2.8. Transmission electron microscopy  

Transmission electron microscopy (TEM) imaging is analogous to SEM in that both use an 

electron beam. However, in TEM the electron beam is incident onto a defined area of the 

specimen (Fig.2. 3b) and the electrons transmitted through the specimen are focused by lenses 

and collected by a parallel detector to form an image. TEM is used for higher magnification than 

SEM 1,13 and allows the analysis of morphology, size and size distribution of nanomaterials. 1 

Many new types of microscopic modes have been introduced, for example, high-resolution 

transmission electron microscopy (HRTEM), scanning transmission electron microscopy 

(STEM); moreover the signals caused by inelastically scattered electrons  can be analysed in 

electron energy-loss spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDX). 1 

For the HR-TEM analysis reported in Chapter 3, pristine and functionalised single-walled 

carbon nanotubes with cobalt and nickel phthalocyanine were suspended in isopropanol (99.5% 

purity) and subjected to 1-minute ultrasonic bath. Subsequently, the suspensions were placed in 

a glass capillary and dropwise deposited on Formvar/Carbon coated copper grids (Ted Pella, 

Inc). The grids were left to dry in air and analysed by a JEOL 4000EX microscope operating at 

200 kV. The TEM images were collected by Iván Puente-Lee from the Faculty of Chemistry of 

UNAM. 
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Fig.2. 3. Schematic of (a) scanning electron and (b) transmission electron microscopy imaging methodology. Reproduced with 

permission from reference 13, Copyright 2016, Elsevier. 

Transmission electron microscopy imaging described in Chapter 5 was conducted on a 

Philips CM120 microscope equipped with a lanthanum hexaboride cathode and operated at an 

accelerating voltage of 120 kV. Images were acquired using a Gatan 4k CCD camera. Samples 

were prepared by depositing 5 μL of the SWCNT dispersion (either pristine or modified, ~ 1 mg 

in 1.5 mL HPLC-grade iPrOH) onto a 400-mesh copper grid with a carbon support film and 

adsorption for 30 seconds before blotting. The TEM images were analysed with Image J 

software’s, using the software brightness and contrast correction tools to enhance the general 

quality of the snapshots. The images were obtained with the help of Dr. Théophile Pelras from 

Macromolecular Chemistry & New Polymereic Materials department of the Zernike Institute for 

Advanced Materials (RUG). 

For HRTEM of the samples, the subject of Chapter 7, a JEOL JEM 2100F was employed at 

200 kV voltage. The samples were deposited onto Formvar-covered copper grids from 

ultrasonicated ethanol suspensions. Images were collected at the Microscopy Australia facility 

at the Advanced Imaging Precinct, Australian National University. Scientific and technical 

assistance was provided by Dr. Billy J. Murdoch. 

 

2.2.9. Elemental  analysis  

Elemental analysis, also known as carbon hydrogen nitrogen sulphur (CHNS) analysis, is a 

classical, destructive method to obtain information about the elemental composition of an 

unknown substance. A known amount of unknown substance is heated very quickly to a 

sufficiently high temperature to induce the instant and complete oxidation of samples in a 

process called “flash combustion”, where every organic and inorganic substance is converted into 

a combustion product and the resulting combustion gas is then passed through the analyzer 

where a detector quantifies the elements present. 10,12 

The elemental analysis measurements illustrated in Chapter 5 were performed with a CHNS 

analyser vario MICRO cube elemental. About 10 mg of each sample was used, corresponding to 

the synthesised bisphthalocyanines. The data were obtained by Ing Hans van der Velde from the 

Stratingh Institute for Chemistry of RUG. 
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2.2.10.  Dispersion test  

Dispersion tests in water, isopropanol (99.5% purity), ethanol (99.5%) and toluene (99.8%) 

described in Chapters 3 and 5 were performed in order to observe physical changes of the 

material before and after functionalisation or deposition of phthalocyanines on the carbon 

nanotubes. Each test was carried out with 1 mg powders in 2 mL of solvent. To favour the 

dispersion process, the samples were subjected to ultrasound for 10 minutes and then the 

dispersion was evaluated with the help of photographs. The solvents were anhydrous and were 

purchased from Sigma-Aldrich. 

 

2.3. Electrochemical  measurements  

2.3.1. Cell  set up 

Electrochemical measurements shown in Chapter 3 were carried out at room temperature 

using a three-electrode electrochemical cell made of Teflon. Platinum and Hg/HgO (Koslow 

Scientific) electrodes were used as counter and reference electrodes, respectively. Glassy carbon 

(GC) electrodes (Ø=5mm, Pine Research Instrumentation) were used as a working electrode 

after deposition of electrocatalysts. Before each measurement, the GC surface was polished with 

30-micron alumina (Al2O3, Carveth Metallurgical Limited) and 3-micron alumina (Al2O3, 

Buehler) and washed in deionized water. 

The catalyst ink was prepared by adding 3 mg of the single-walled carbon nanotubes 

functionalised with four 3d metal phthalocyanines (MnPc, FePc, CoPc and ZnPc in powder 

form) to 500 µL of deionized water, 50 µL of 5wt% Nafion® (Sigma-Aldrich) and 100 µL of 

isopropanol (99.9% purity, Fisher Scientific). The ink was sonicated in an ultrasonic bath (40 

kHz Ultrasonic Bath, Fischer Scientific) for 10 min. Thereafter, aliquots of 10 µL of the 

dispersion were deposited onto the glassy carbon electrode surface and dried in an oven at 60 °C 

for 10 min. The electrolytes were aqueous solutions of 1M and 0.1M KOH (potassium 

hydroxide, ≥85%, Sigma-Aldrich). The presented current was normalized per geometric area. 

 

2.3.2. Electrochemical  testing  

A BioLogic VSP potentiostat/galvanostat equipped with EC Lab software (BioLogic 

Science Instruments SAS) was used to conduct all electrochemical measurements (cyclic 

voltammetry (CV) and chronoamperometry (CA) experiments). Cyclic voltammograms were 

measured at a scan rate of 20 mV/s in the potential range of 0.8 and 0.1 V vs Hg/HgO. 

Chronoamperometric experiments were performed for 10 h at 0.74 V and 0.7 V vs Hg/HgO. All 

the potentials were measured with respect to a Hg/HgO reference electrode, but they were 

converted and reported vs the reversible hydrogen electrode (RHE) using equation 2.1 and 2.2 

for data in 1 and 0.1 M KOH solutions, respectively. These calculations are further explained in 

reference 14. 
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                                                       𝐸𝑅𝐻𝐸 = 𝐸𝐻𝑔/𝐻𝑔𝑂 + 0.925                                                           (2.1) 

                                                       𝐸𝑅𝐻𝐸 = 𝐸𝐻𝑔/𝐻𝑔𝑂 + 0.866                                                                (2.2) 

Electrochemical measurements were performed at the Department of Chemical and 

Biological Engineering, Centre for Catalysis Research and Innovation (CCRI), University of 

Ottawa, Canada by Dr Natalia Alzate-Carvajal. 

 

2.4. Computational methods  

2.4.1. Molecular Mechanics:  Hyperchem 

Optimisation of the geometry of a single-walled carbon nanotube model, a free-base 

phthalocyanine (H2Pc) and the hybrids with several H2Pc molecules assembled on the nanotube 

surface (H2Pc+SWCNT) was performed using HyperChem version 7.0 software (Hypercube 

Inc). The force field employed was MM+ with the Polak-Ribiere gradient algorithm and a RMS 

(root mean square) gradient of 0.001 kcal/Åmol.15,16 The formation energies ∆𝐸Pc+SWCNT 

(hereafter, simply Δ𝐸) for the adsorption of the phthalocyanines molecules on the surface of a 

carbon nanotube is the difference between the absolute energy of the hybrids and the sum of the 

absolute energies of each component molecular species, see equation 2.3:  

                                       ∆𝐸Pc+SWCNT = 𝐸Pc+SWCNT − (𝐸SWCNT + 𝑛𝐸Pc)                                        (2.3) 

where 𝐸i is the corresponding absolute energy, 𝐸SWCNT carbon nanotube energy, 𝐸Pc ligand 

energy and 𝑛  the number of phthalocyanines molecule participating in the adsorption or self-

assembly model. 

 

2.4.2. Density functional theory: Material  Studio DMol 3  software 

All density functional theory calculations were carried out with the numerical -based 

module DMol3 within the Materials Studio 6.0 and 8.0 software package from Accelrys Inc. 17–

20 The computational technique chosen was the general gradient approximation functional PBE 

in combination with a long-range dispersion correction developed by Grimme (PBE- D; also 

referred to as PBE-D2), due the need to account for dispersion interactions, which is very 

important in noncovalently bonded molecular systems. 21,22 Three double numerical basis sets 

were used (first of all, for the optimised geometry): DN, without polarization functions included 

(equivalent to 6–31G); DND, which adds a polarization d-function on all non-hydrogen atoms 

only (equivalent to 6–31G(d)); and DNP, which has a polarization d-function added on all non-

H atoms, as well as a polarization p-function added on all hydrogen atoms (equivalent to 6–

31G(d, p)). The convergence criteria for full geometry optimisation and calculations of the 

electronic parameters were an energy gradient of 10-4, 20-5 and 10-5 Ha for DN, DND and DNP, 

respectively; a maximum force of 0.02, 0.004 and 0.002 Ha/Å correspondingly; a maximum 

displacement of 0.05 (DN) and 0.005 Å (DND and DNP), and a self-consistent field (SCF) 
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tolerance of 10-4 for DN, 10-5 for DND and 10-6 for DNP. The choice of the basis set depended 

on the system analysed. 

Chapter 4 reports on the DFT calculations on hybrid systems of a MPc (M=Co and Ni) and 

a single-walled carbon nanotubes with a Stone Wales defect in different orientations, 

abbreviated as MPc+SWCNT_SW. Two nanotube models were examined, namely, armchair 

(ANT) and zigzag (ZNT). The same computational methodology was applied as in the 

previously reported analysis of MPc adsorbed on defect-free SWCNT models 

(MPc+SWCNT).23 Therefore, the numerical DNP basis set was used. The calculations 

employed the ‘all-electron’ core treatment with Fermi orbital occupation (no thermal smearing). 

A global orbital cutoff was set to 4.7 and for open-shell systems containing cobalt, the 

calculations were spin unrestricted with maximum step size of 0.1 Å. In contrast, for closed-

shell systems with nickel the latter was set to 0.02 Å and the calculations were spin-restricted.  

The formation energies for SW defects were calculated as 

                                                             Δ𝐸SW = 𝐸def − 𝐸Perf                                                              (2.4) 

where 𝐸def and 𝐸Perf are the total energies of nanotube with and without defect, 

respectively.10,11  

The approach taken has been successfully applied to describe different types of bonding 

(covalent and noncovalent) between tetraazamacrocyclic (including porphyrins and Pcs) and 

many other compounds with fullerene, graphene, graphene oxide, nanodiamond and carbon 

nanotube models. 16,26–31 Consequently, in the study detailed in Chapter 7, this calculation 

method was applied to suggest possible initial steps of the oxidative pyrolysis H2Pc leading to 

the formation of nanofibers. The results described in Chapter 4 and 7 were obtained in Material 

Studio 6.0. 

For the calculations described in Chapter 6, changes were made to the calculation method 

used for the study detailed in Chapter 4. The optimisation of the hybrid with yttrium double-

decker phthalocyanine was performed with the same ANT and ZNT nanotube models used for 

the hybrid modelling with 3d metal phthalocyanines and in Material Studio 6.0. Three basis 

sets (DN, DND and DNP) were implemented to analyse the influence of the basis size on the 

structural and electronic characteristics of both the hybrid and each isolated component. 

Another important adjustable parameter was the global orbital cut-off (or real space cutoff). The 

global orbital cutoff was applied to the generation of the numerical basis sets to limit the range 

of the numerical integrations and reduce the computational cost. It is justified by the fact that 

the charge density decreases quickly as the distance from an atomic nucleus increases . 32 The 

real space cutoff values used in this study were 4.2, 4.8 and 5.6 Å for DN, DND and DNP basis 

sets, respectively, as defined by the presence of Y atom (electron configuration [Kr]4d15s2). The 

calculation quality corresponding to the use of DN, DND and DNP basis set is referred to as 

‘coarse’, ‘medium’ and ‘fine’. All the calculations were spin-unrestricted, the core treatment was 

all-electron with Fermi orbital occupation and the maximum step size allowed was 0.3 Å. 



 

 40 

 Chapter   2 

The modelling of the hybrids of lanthanum, gadolinium, and lutetium bispthalocyanines 

and carbon nanotubes, was carried out using Material Studio 8.0 software. Considering a 

recently published study by our group on the optimization of the geometry of lanthanide 

bispthalocyanines 33 and the possible self-consistent field convergence problems due to the 

presence of 4f-electrons, DFT semi-core pseudopotentials (DSPP; especially designed to use 

within the DMol3 module) were used in all calculations. This approach includes relativistic 

effects, spin-orbit coupling and the double numerical basis set DN, without polarization 

functions included (equivalent to 6-31G). A global orbital cutoff set to 4.3 Å (defined by the 

presence of a heavy Ln atom-default), ‘coarse’ quality and maximum step size of 0.1 Å were the 

settings employed for full geometry optimization and for the calculations of electronic 

parameters. As a tool to avoid (SCF) convergence drawbacks, thermal smearing was used with 

a value of 0.0001Ha.  

The formation energies ∆𝐸Pc+SWCNT were calculated with equation 2.3. 
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Abstract  

 

Non-covalent functionalisation of carbon nanotubes with phthalocyanines is usually carried 

out with substituted phthalocyanines as they have better solubility in conventional solvents than 

unsubstituted phthalocyanines, the latter having better thermal stability. Taking advantage of 

this feature, here, we report the formation of non-covalent hybrids with three unsubstituted 

transition metal phthalocyanines (iron, cobalt and nickel) by sublimation at 450°C . The 

adsorption of the manganese phthalocyanines was realised by refluxing in butanol. Dispersion 

tests and scanning electronic microscopy images suggest that the functionalisation generates 

higher agglomeration compared to pristine nanotubes due to the additional π -π interaction 

between neighbouring nanotubes and the adsorbed macrocycle. Electrochemical evaluation of 

modified nanotubes in the oxygen evolution reaction in alkaline medium show better 

performance than pristine nanotubes. The excellent electrocatalytic activity of hybrids, especially 

with nickel and cobalt phthalocyanines, and the straightforward method of their synthesis opens 

the possibility of exploring these materials for applications in anion exchange membranes for 

water electrolysis. 
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3.1. Introduction 

One of the desirable characteristics of covalent or non-covalent Pc+CNTs hybrids is a 

homogeneous distribution of Pcs molecules on the nanotube surface. However, unsubstituted 

Pcs have a low solubility (approximately 10−4−10−7 mol/kg). 1,2 This challenge has mainly been 

addressed using more soluble substituted phthalocyanines. The disadvantage of this approach is 

the high economic cost and consequently their availability is limited compared to their 

unsubstituted counterparts, and their thermal stability depends on the nature of the substituent. 3 

Another option is the in-situ synthesis of Pcs in the presence of nanotubes and although an 

interaction between the macrocycle and the nanotube does occur, a separate Pcs phase is also 

formed.4,5 Both strategies involve conventional routes that are usually carried out using organic 

solvents as the medium, followed by additional procedures such as ultrasonication, 

centrifugation, washing and drying. Such multi-step processes increases the cost of catalysis and 

produce a large amount of chemical waste, which is not favourable from an environmental point 

of view (green chemistry principles) 

One alternative that has been explored by Basiuk et al (2018), 6 which was developed in this 

chapter for the non-covalent functionalisation of single-walled carbon nanotubes with iron, 

cobalt and nickel monophthalocyanines is by sublimation or gas-phase under moderate vacuum 

conditions. It is a one-step method that is solvent free and has a short adsorption time of the Pcs 

over the nanomaterial. This process takes advantage of the ability of unsubstituted Pcs to 

sublimate without decomposition at high temperatures (450 °C) and moderate vacuum (roughly 

of 10-2 Torr). 7 

On the other hand, electrochemical water splitting has become one of the sustainable 

methodologies for obtaining hydrogen and oxygen. Water splitting (equation 3.1) is constituted 

of two half reactions, hydrogen evolution reaction (HER), which takes place at the cathode and 

oxygen evolution reaction (OER) at the anode, and it can be carried out in acidic and alkaline 

media (equations 3.2 and 3.3).8,9 Although the alkaline water electrolysis is a well-established 

technology and it has been performed at an industrial scale for many years, the recent, 

tremendous progress in the development of anion exchange membrane (AEM) opened up the 

possibility of developing water electrolysers. 10,11 However, OER has a major bottleneck in the 

water electrolysis process. 10,11 The evolution of O2 requires the transfer of four electrons, and 

the favourable kinetics takes place in multi-step reactions with single electron transfer at each 

step (see equations from 3.4 to 3.7). 9,12 The accumulation of energy in each step triggers a 

slowing of the OER kinetics, resulting in a large overpotential. Therefore, a highly active OER 

electrocatalyst is required to overcome the energy barrier.9,12 

                                                    2𝐻2𝑂 + 𝐸𝑛𝑒𝑟𝑔𝑦 → 𝑂2 + 2𝐻2                                                       (3.1) 
 

Alkaline conditions  
 

Cathode reaction                                     4𝐻2𝑂 + 4𝑒− → 2𝐻2 + 4𝑂𝐻−                                                        (3.2) 
Anode reaction                                        4𝑂𝐻− → 𝑂2 + 4𝑒− + 2𝐻2𝑂                                                            (3.3) 
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The proposed OER mechanism is the following 
 
𝑂𝐻 +∗ → 𝑂𝐻 ∗ + 𝑒−                                                                                                                                                       (3.4) 
𝑂𝐻 ∗ +𝑂𝐻−  → 𝑂 ∗ +𝐻2𝑂 + 𝑒−                                                                                                                                (3.5) 
𝑂 ∗ +𝑂𝐻− → 𝑂𝑂𝐻 ∗ + 𝑒−                                                                                                                                             (3.6) 
𝑂𝑂𝐻 ∗ +𝑂𝐻−  →∗ +𝑂2 + 𝐻2𝑂 + 𝑒−                                                                                                                        (3.7) 

 

where * stands for an active site on the surface and *O, *OH and *OOH are adsorbed 

intermediates. 912 

Precious metal catalysts such as iridium and ruthenium and their respective oxides (IrO 2, 

and RuO2) are widely used in the OER process to reduce energy consumption and improve 

energy conversion efficiency. 13 14Nevertheless, these catalysts are scarce, expensive and lack 

durability, which makes them impractical for large-scale applications. Alkaline media opens the 

possibility to apply catalysts that are based on abundant materials that do not compromise their 

activity towards OER. Compounds containing 3d transition metals such as  oxides and 

phosphides of Co, Ni, Mn and Fe have been widely studied as alternative catalysts.8,15–17 In this 

sense, MPc+SWCNT hybrids obtained by sublimation of the MPcs were proposed as 

electrocatalysts for oxygen evolution reaction considering that: metal monophthalocyanines are 

cheaper than precious metal catalysts; commercially available; that their self-assembly on high 

surface area carbon nanotubes can decrease MPc aggregation and consequently increase the 

active sites for catalytic processes; and finally that π-π interactions facilitate electron transfer and 

enhances system stability.18,19 

The work described in this section focuses on the characterisation of the material obtained 

in sublimation experiments by a combination of analytical techniques, followed by 

electrochemical evaluation towards OER in alkaline medium using two concentrations of the 

electrolyte 0.1 M and 1 M KOH. The catalytic behaviour was compared with bulk Ni and Ir black 

electrodes. 

 

3.2. Experimental  sect ion  

3.2.1. Materials  

Pristine SWCNT (>95% purity) synthesized by CVD process were purchased from 

NanoLab, Inc. According to the company‘s specifications, the nanotubes are approximately 1.5 

nm in diameter and 1–5 μm in length. The metallophthalocyanines MnPc (95 %), NiPc (85%), 

FePc (90%) and CoPc (97%) were obtained from Sigma-Aldrich. NiPc was additionally purified 

by sublimation. 

 

3.2.2. Functionalizat ion  

The non-covalent functionalization of SWCNT with MPc (M= Fe2+, Co2+ and Ni2+) by 

sublimation deposition was carried out using a tubular reactor made of quartz for all the 

experiments, its dimensions were 25 mm in diameter and 60 cm in length. A Barnstead 
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Thermolyne 21100 tube furnace capable of providing stable controllable temperatures of up to 

1200°C was employed as a heating device. Fig.3. 1 shows the experimental setup, which was 

described previously for the sublimation of free-base phthalocyanine and its metal complexes 

with Co2+, Ni2+, Zn2+ and Cu2+  in the presence of single-walled carbon nanotubes. 6,20 

Usually, single-walled CNTs storage for a long time results in the accumulation of a 

considerable amount of impurities adsorbed from the environment. In order to remove them, 

prior to the functionalization experiments, SWCNT were outgassed in vacuum of ca. 10-2 Torr 

for 1 hour at 450°C using the same experimental setup above. The conditions employed were 

the same for all sublimation deposition experiments. As the weight loss due to the outgassing 

can be of the order of 10–12%, the purified single-walled CNTs were immediately weighted and 

thoroughly mixed with phthalocyanines at a weight ratio of 2:1 (for example, 200 mg of SWCNT 

and 100 mg of 3d metal phthalocyanine). In the case of cobalt, nickel and iron phthalocyanines, 

the resulting mixture was slightly compressed into pellets using a hydraulic press, and the gas -

phase deposition experiments were performed by heating the phthalocyanines and nanotubes 

mixture under constant evacuation at about 10-2 Torr at 450°C for 2 hours (counted from the 

moment once the temperature stabilized). This temperature was found as optim al from our 

previous experiments of non-covalent functionalisation of the single-walled carbon nanotube 

with different metal phthalocyanines. 6 The increase in weight of the SWCNT after deposition of 

the phthalocyanines, served as the most direct estimation of MPc content in the resulting hybrids 

with 20.2% of FePc, 26.3% of CoPc and 28.4% of NiPc in the single-walled CNTs mixture. The 

hybrids synthesised in this way are referred to as: FePc+SWCNT, CoPc+SWCNT and 

NiPc+SWCNT, respectively. 

Fig.3. 1.Vacumm system used for gas-phase functionalization experiments of MnPc, FePc and NiPc on the surface of single-

walled carbon nanotubes.  
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The nanotubes were also functionalised with manganese phthalocyanines. Due to the lower 

thermal stability of manganese phthalocyanine (245°C in nitrogen atmosphere) 21 and the 

impossibility to use a sublimation procedure for its deposition, the preparation of 

MnPc+SWCNT was accomplished by reflux in butanol (10 mL) of 200 mg of SWCNT and 100 

mg of MnPc for 7 hours at 117°C. The resulting solid was filtered and dried in vacuum at 100°C. 

A MnPc content of 27.3%. was estimated from an increase in weight of the nanotubes after 

phthalocyanine deposition. 

 

3.3. Results and discussion  

3.3.1.  Characterizat ion of MPc+SWCNT  hybrids 

Comparison of the infrared spectra for phthalocyanine complexes with divalent cations 

(Mn2+, Fe2+, Co+2 and Ni2+), pristine single-walled CNTs and MPc+SWCNT hybrids is 

presented Fig.3. 2a. One should note that, as is usually observed,6 the overall quality of FTIR 

spectra for CNT-based samples is rather low due to a low signal-to-noise ratio, resulting from 

the heterogeneity of bundled nanotube samples and a strong absorption of infrared radiation . 

An evident exception is the spectrum of the carbon nanotubes with manganese phthalocyanines 

hybrids, which can be attributed to some single-walled carbon nanotubes reordering during 

liquid-phase deposition of MnPc. 

The spectral features common for neat metal monophthalocyanines complexes 21–24 

comprise the bands at 719 and 773 cm-1 due to C-H out-of plane deformation vibrations, at 871 

cm-1due to ligand in-plane vibrations, at 902 cm-1due to metal-ligand vibrations, at 1076 cm-1 

due to C-H in-plane deformation, at 1118 cm-1 due to C-H in-plane bending, at 1160 cm-1 due 

to C-N in-plane bending, at 1288 cm-1 due to C-N stretching in isoindole moieties, at 1330 and 

1417 cm-1 due to C-C stretching in isoindole, at 1463 cm-1 due to C-H in-plane bending, at 1500 

cm-1 due to C-N stretching, and at 1604 cm-1 due to C-C macrocyclic ring deformation. 21–24 

Most of these features are clearly seen in the spectrum of MnPc+SWCNT, and some of them in 

particular, the bands at 719, 1076, 1118, 1160, 1288 and 1330 cm -1, can be distinguished in 

the case of NiPc+SWCNT. 

The Raman spectra obtained for pristine single-walled CNTs and MPc+SWCNT hybrids 

are shown in Fig.3. 2b. The characteristic features of the single-walled CNTs can be identified 

in each spectrum: the radial breathing mode (RBM), disorder-induced D band, as well as 

graphene- related G and G’ bands.25 The presence of D band reveals the presence of defects (sp3-

hybridized carbon atoms) in the nanotube sidewalls, which is common for both the single-

walled CNTs and multi-walled CNTs fabricated by CVD. Its frequency is rather constant, being 

1351 cm-1 in the spectrum of the pristine SWCNT and 1350–1352 cm-1 in the case of the 

MPc+SWCNT samples. At the same time, the D band intensity, and correspondingly the ID/IG 

ratio, as a measure of the amount of disorder induced by defects in the CNTs, notably (in some 

cases dramatically) decreases after phthalocyanine deposition. In particular, while the ID/IG 

ratio for pristine single-walled CNTs is 0.21, it drops to 0.09 for MnPc+SWCNT, 0.12 for 

FePc+SWCNT, 0.08 for CoPc+SWCNT and 0.13 for NiPc+SWCNT. This observation suggests 
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that the high-temperature sublimation deposition of phthalocyanine complexes produces some 

(catalytic) effect, which helps to reduce single-walled CNTs defects by means of rearrangement 

of sp3 hybridized carbon atoms into graphene-derived hexagonal lattice.26, 27 

The G band (tangential mode) is located at 1590 cm -1for the pristine single-walled CNTs 

and at 1586–1591 cm-1 for the MPc+SWCNT hybrids, thus exhibiting slightly broader 

variability. The composite nature of RBM signals can be attributed to the presence of SWCNTs 

of different diameters in the pristine material employed. 28 The manufacturer-specified diameter 

of ca. 1.5 nm is just an average value. The radial breathing frequency range observed for all 

samples is observed at 162–275 cm-1. One more graphene-related G’ band is found in the range 

of 2663–2672 cm-1. 

In contrast to the hybrids of metal phthalocyanines with single-walled nanotubes and pure 

MPcs spectra, some of the pure macrocycle vibrations are only visible at low intensity only for 

the NiPc+SWCNT hybrid (Fig.3. 3). The dominance of the nanotube signals in the hybrid 

spectra can be attributed to the low concentration of the MPcs on the nanomaterial or by the 

nature of the macrocycle. Fig.3. 3 displays the comparison of NiPc+SWCNT and pure NiPc, 

where the intensity of the phthalocyanines (from 0 to 80 arb.units) is much lower than that of 

the functionalised nanotubes (from 0 to 3500 arb.units).  

Fig.3. 2. (a) Infrared (b) Raman and (c) UV–vis spectra of MPc+SWCNT hybrids obtained in comparison with the spectra 

of pristinel single-walled carbon nanotubes and metal phthalocyanines acquired under the same conditions. The U V-

visible spectra were measured in dimetilformamide. 
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In the spectra obtained from the dispersions in dimethylformamide, the electronic 

absorption spectra of the four hybrids of metallic phthalocyanines and single-walled carbon 

nanotubes (Fig.3. 2) are also dominated by a strong background due to the carbon nanotubes. 

Despite this, the spectra of the hybrids show two characteristic signals typical of 

phthalocyanines, the Soret or Q-band at about 330 nm and the B-band, which presents the 

maximum absorption in the visible region between 600 and 700 nm. 29–31 Even though the UV-

vis spectra were recorded for pure crystalline phthalocyanines under the same conditions as the 

hybrids, a detailed comparison cannot be made because the electronic absorption is not an 

intrinsic property, that is, it is highly dependent on the particular state in which the 

phthalocyanine molecules are found (gas phase, film thickness, different crystals, polymorphs, 

etc.) and their chemical environment.6,32 

The comparative results of the dispersion test in water, isopropanol and toluene of the 

pristine and functionalised carbon nanotubes are shown in Fig.3. 4. The pristine nanotubes in 

water have low dispersibility, the aggregates have precipitated after 1 hour, while the hybrids 

with FePc, CoPc and NiPc, no change was observed although they were subjected to ultrasound 

for 10 minutes. In contrast, the nanotubes with manganese phthalocyanine displayed higher 

dispersibility, as evidenced by the suspension of the solid being for more than 24 hours. 

A slightly polar solvent such as isopropanol improved dispersion substantially in all 

samples tested, which indicates a slight change in polarity of the nanotubes. Nevertheless, the 

MPc+SWCNT hybrids show better dispersion than the pristine carbon nanotubes and they also 

acquire a bluish-green colour depending on the metal monophthalocyanine. After 1 hour, the 

samples have mostly precipitated. 

 

 

Fig.3. 3. Raman spectra of pristine nickel phthalocyanine (black line) and of the single-walled carbon nanotube after NiPc 

sublimation (NiPc+SWCNT hybrid; red line). 
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Fig.3. 4. Comparative dispersibility test (1 mg of each sample per 2 mL of solvent) in water and isopropanol for (a) single -

walled carbon nanotubes before and after functionalization with (b) MnPc, (c) FePc, (d) CoPc and (e) NiPc. Images were 

taken at elapsed time of 0, 1 and 12 h after ultrasonic bath treatment for 10 min . 

 

To evaluate the influence of solvent polarity on pristine nanotubes and hybrids, a dispersion 

test in toluene, a non-polar, high boiling point (110 °C) solvent, was proposed, which showed 

a slight increase in hybrid dispersion, and like isopropanol, the solid started to precipitate after 

ultrasound treatment. However, the hybrids disperse better in isopropanol. 

As a whole, no dramatic changes in the nanotube morphology after phthalocyanine 

deposition were observed by SEM. In all cases (Fig.3. 5), we observed the single-walled carbon 

nanotubes as typical bundles. The fact that no evident presence of metal phthalocyanines 

crystallites can be detected by SEM in any of the samples suggests the formation of a relatively 

homogeneous layer (probably a monolayer) of adsorbed phthalocyanine molecules on nanotube 

sidewalls. A similar behaviour was observed previously for both free-base phthalocyanine H2Pc 
22 and its transition metal phthalocyanines. 6 The morphology and size of the MPc crystals are 

different from those of nanotubes and can be distinguished in the SEM images from pristine 

metal phthalocyanines (Fig.3. 5). On the other hand, in all of the MPc+SWCNT hybrids, 

nanotube bundles look more ‘glued’ together as compared to pristine nanotubes, that is, non -

covalent functionalisation with MPc does not produces a debundling effect (at least in the solid 

phase). This is caused by the additional agglomeration of the metal monophthalocyanines, due 

to π-π interaction between neighbouring phthalocyanines molecules and nanotubes. The 

presence of other materials in the samples was not detected. 
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Fig.3. 5. SEM images of (a) pristine and (b,d,f,h) non-covalently functionalised: MnPc+SWCNT, FePc+SWCNT, 

CoPc+SWCNT and NiPc+SWCNT and (c, e, g, i) crystals of the metal phthalocyanines. 

 

The results of TEM observations confirm the general homogeneous nature of the single-

walled CNTs functionalised with the metal phthalocyanines. One can see that even though 

pristine single-walled carbon nanotube have numerous defects throughout their sidewalls 

(which is common for carbon nanotubes obtained by the CVD process), the tubular morphology 

is easily discernible (Fig.3. 6a). However, after metal phthalocyanines deposition onto the 

SWCNT, the latter becomes totally or almost totally obscured, and instead, nanotube bundles 

appear as amorphous structures (exemplified for CoPc+SWCNT and NiPc+SWCNT in Fig.3. 

6b,c). This is a typical effect in both noncovalent and covalent nanotube functionalization with 

organic molecules. As in the case of SEM imaging, micro and/or nanocrystals of starting MPcs 

materials was not detected by TEM. 
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Fig.3. 6. Representative TEM images of (a) single-walled carbon nanotube before and after non-covalent 

functionalisartion with (b) cobalt and (c) nickel phthalocyanine  

Thermogravimetric analysis and differential thermal analysis were carried out 

simultaneously. Thr results are presented in Fig.3. 7a. TGA curves show two events of mass loss 

in most of the samples. An initial loss attributed to moisture and other minor volatile impurities 

is observed in the range of about 50–328°C, within which pristine single-walled CNTs and 

MPc+SWCNT hybrids are thermally stable. In the case of carbon nanotubes treated with MnPc, 

a continuous further mass loss is observed in TGA Fig.3. 7a, with two steps observed for other 

hybrids. The corresponding DTA curves demonstrate clearly that the thermal decomposition 

process consists of three steps as suggested by three DTA exothermic peaks in thermogram of 

pristine SWCNT and modified nanotubes with the iron, cobalt, and nickel phthalocyanines, and 

two peaks for MnPc+SWCNT (Fig.3. 7a). 

For pristine SWCNTs (Fig.3. 7a), the first event between 499 and 621°C is associated with 

the oxidation of amorphous carbon impurities, structural defects in SWCNT sidewalls and 

multi-walled carbon nanotubes (always present in the SWCNTs samples synthesized by CVD), 

all of them exhibiting similar thermal behavior.33–37 The further mass loss at 621–839°C is 

associated with the decomposition of SWCNTs and double-walled carbon nanotubes 

(DWCNTs) also present in the SWCNT from CVD proces. 38,39 As regards MPc+SWCNT 

hybrids, the first and second peak were attributed to the pyrolysis of the metal phthalocyanines, 

which starts at roughly 247, 273, 335 and 328°C for MnPc+SWCNT, FePc+SWCNT, 

CoPc+SWCNT and NiPc+SWCNT, and ends at about 634, 709, 664 and 613°C, 

respectively.21,40–42 According to DTA curves, the most dramatic mass loss occurs at 444°C for 

MnPc+SWCNT, at 409°C for FePc+SWCNT, at 443°C for CoPc+SWCNT, and at 462°C for 

NiPc+SWCNT. 

Estimating the MPcs content from TGA curves suggests that it reaches 51.7%, 47% and 

35.2% for FePc, CoPc and NiPc, respectively, since the shape of DTA curves of the hybrids in 

the first and second mass loss steps is similar to that observed for pure MPcs.40 Nevertheless, it 

is impossible to correctly account for the interference of mass losses due to double and multi-

walled CNTs. One can see that the above values strongly disagree with the most direct estimates 

of metal phthalocyanine content from the increase in weight of SWCNT material after 

phthalocyanine deposition, that is 20.2%, 26.3% and 28.4% for FePc, CoPc and NiPc, 

respectively. 
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Fig.3. 7. TGA (black) and DTA (blue) curves of pristine SWCNT and MPc+SWCNT hybrids obtained: MnPc+SWCNT, 

FePc+SWCNT, CoPc+SWCNT and NiPc+SWCNT. Air flow 30 mLmin-1 with a heating ramp of 10°C min-1 to 1000°C. 

 

The most conflicting estimation are observed in the case of the manganese phthalocyanine, 

for which TGA mass loss gives 65.5%, whereas only 27.3% phthalocyanine was directly 

deposited from the liquid phase. One of the reasons is the aforementioned interference of mass 

losses due to double and multi-walled CNTs. Another possible reason can be the formation of 

manganese oxides MnO2, Mn2O3 and Mn3O4 as the products of MnPc decomposition, which 

catalyse the combustion of carbon nanotubes, effectively decreasing their oxidation temperature 

by up to several hundred degrees Celsius. 43–45 In other words, the steady mass loss between 
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380 and 740°C observed for MnPc+SWCNT is due to continuous catalytic oxidation of the 

nanotubes, and not only owing to MnPc decomposition. Such catalytic processes can be 

explained by the Mars and Van Krevelen (MvK) mechanism of oxidation (see Chapter 5). 43,46 

In the three remaining cases, FePc, CoPc and NiPc, the thermal stability of the corresponding 

hybrids is higher than that of pristine SWCNT, suggesting possible a stabilizing action of 

phthalocyanine complexes due to their strong π-π interactions with nanotube sidewalls. 40,47 

Another way to estimate phthalocyanine content in the MPc+SWCNT hybrids obtained 

was by measuring their EDS spectra. In Fig.3. 8, both weight and atomic % content range for 

manganese, iron, cobalt and nickel is specified, as measured at six different sites of each 

functionalized sample. Pristine SWCNTs exhibit the presence of impurities of Fe used as the 

catalyst during CVD nanotube synthesis. The range of values is rather wide due to the small size 

(10×10 μm) of the measuring spot. The weight ranges obtained for elemental Mn, Fe, Co and 

Ni are 0.9–4.1%, 1.9–5.9%, 3.4–5.7% and 2.3–7.6%, respectively. The corresponding values 

recalculated for the total molecular weight of metal phthalocyanines are 9–42%, 20– 60%, 33–

55% and 22–74%. These values are less precise, but generally consistent with the weight 

content of phthalocyanine in the MPc+SWCNT hybrids estimated from SWCNT weight 

differences before and after deposition of the metal phthalocyanines (27.3%, 20.2%, 26.3% and 

28.4% of MnPc, FePc, CoPc and NiPc, respectively). 

XPS analysis was performed to study the surface composition and chemical state of the 

single walled carbon nanotubes before and after functionalisation with 3d metal 

phthalocyanines. Fig.3. 9 displays the wide survey scan for pristine single-walled CNTs, which 

have the expected characteristic peaks, C 1s and O 1s. The Au peaks observed in the survey arise 

from the Au/silicon substrate on the samples was deposited. Therefore, all the spectra were 

calibrated to the Au 4f7/2 peak at a binding energy (BE) of 84 eV. The C 1s core level peak 

consists of five components. The main peak at 284.7 eV is attributed to C-C/C=C bonding. The 

sp2 hybridisation of the carbon is assigned to the graphite lattice and the sp3 hybridisation to 

species that indicate amorphous carbon or structural defects, which is visualised by the presence 

of the D band in the Raman spectrum (Fig.3. 2). The peaks at 285.9, 287.3 and 289.1 eV are 

due to the existence of oxygen bonded to the carbon atoms of the nanotubes -CO, -C=O and -

COO, respectively (carbonyl and carboxylic groups), which are formed due to the presence of 

edge and defect sites in the nanotube structure which provide suitable anchoring sites for 

functionalities, possibly during synthesis. Oxygen is also evident in the corresponding EDS 

spectrum (Fig.3. 8). Finally, the fifth peak located at 290.9 eV is associated with a π–π* shake-

up shake-up feature typical of aromatic structures. 48,49 
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Fig.3. 8. EDS spectra of pristine single-walled carbon nanotube and non-covalent hybrids obtained: 

MnPc+SWCNT, FePc+SWCNT, CoPc+SWCNT and NiPc+SWCNT. For EDS the metal content was estimated 

from measurements at six different sites for each functionalized material . 
 

The XPS spectra of pristine 3d metal phthalocyanines are characterised by the core level 

region of C 1s, N 1s and the corresponding transition metal (Fig.3. 10a presents the metal 

monophthalocyanine structure). In Fig.3. 11, at the top, the C 1s spectra show four 

contributions. The highest peak located at low binding energy between 284.4 and 284.9 eV 

corresponds to the 24 carbon atoms of the benzene ring, namely carbon sp2. The second peak 

between 285.2 and 286.0 eV arises from the carbon-nitrogen bond, which can be attributed to 

the 8 pyrrole carbon atoms in the structure (N-C=N). At high energy and low intensity, the third 

and fourth contributions are observed, assigned to shake-up satellites of the main peaks 

respectively, shake-upC=C at binding energy between 287.2 and 287.5 eV and shake-upN-C=N 

around 288.4 to 290.0 (Table 3. 2).50,51 
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Fig.3. 9. XPS spectra of pristine single walled carbon nanotube: (a) survey scan and (b) detailed spectrum of the C 1s core 

level region with corresponding fit. 

 

Fig.3. 10. (a) Phthalocyanine structure and (b) survey scan XPS spectrum of the single-walled carbon nanotubes functionalised 

with nickel phthalocyanines. 

Fig.3. 12 presents the N 1s core level spectra for all pristine phthalocyanines, where three 

contributions can be assigned. Nitrogen atoms of the isoindole units coordinated to the metal 

ion (M-Niso, where M= Mn, Fe, Co and Ni and Niso = nitrogen atom of isoindole or unit) at a BE 

between 398.0 and 398.3 eV; azomethine nitrogen (γ-N) bonded with carbon atoms C-N=C at 

a BE from 398.8.0 to 399.3 eV and shake-up features around 400.0 and 400.5 eV. 52 Table 3. 3 

reports the binding energies of the different components identified in the fits and their 

percentage contribution. 
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Fig.3. 11. XPS spectra of the C 1s core level region of the single-walled carbon nanotubes functionalised non-covalently 

with manganese, iron, cobalt, and nickel phthalocyanines with corresponding fits. The C 1s core level region spectra for 

the pristine (commercial) metal phthalocyanines are also reported for comparison. 
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Table 3. 1. Binding energies (BE in eV) and percentages (in parenthesis) indicating how much the component 

contributes to the total C 1s core level region for single-walled carbon nanotubes before and after the deposition of 

phthalocyanines.  

C 1s (eV) 

Sample C-C/C=C 

(%) 

C-O 

 (%) 

C=O 

(%) 

COO 

(%) 

π–π* shake-up 

(%) 

Pristine SWCNT 284.7 
(60.9) 

285.9 
(22.8) 

287.3 
(5.9) 

289.1 
(2.6) 

290.9 
(1.8) 

 

 C-C/C=C 

(%) 

C-O/C-N 

(%) 

C=O/C=N 

(%) 

COO 

(%) 

π–π* shake-up 

(%) 

MnPc+SWCNT 284.5 
(62.0) 

285.8 
(22.8) 

287.2 
(8.2) 

288.8 
(4.4) 

290.8 
(2.7) 

FePc+SWCNT 284.6 
(66.9) 

285.9 
(20.0) 

287.5 
(6.4) 

289.0 
(4.6) 

290.0 
(2.1) 

CoPc+SWCNT 284.4 
(69.9) 

285.7 
(20.3) 

287.0 
(5.6) 

288.9 
(2.7) 

290.7 
(1.5) 

NiPc+SWCNT 284.7 
(63.3) 

286.0 
(25.5) 

287.4 
(6.9) 

289.3 
(2.6) 

290.0  
(1.6) 

 

Table 3. 2. Binding energies (BE in eV) and percentages (in parenthesis) indicating how much the component 

contributes to the total C 1s core level region for commercial 3d metal monophthalocyanines.   

C 1s (eV) 

Sample C=C (%) N-C=N (%) Shake-upC=C 

(%) 

Shake-upN-C=N  

(%) 

MnPc 284.9 (57.1) 285.9 (25.3) 287.2 (11.7) 288.4 (5.9) 
FePc 284.9 (56.0) 286.0 (28.6) 287.5 (11.4) 288.8 (4.1) 
CoPc 284.4 (56.4) 285.6 (33.3) 287.2 (7.7) 289.0 (2.7) 
NiPc 284.6 (64.2) 285.9 (25.4) 287.3 (7.2) 288.9 (3.2) 

Further confirmation of the formation of the coordination bond (M-N) of the transition 

metal phthalocyanines comes from the M 2p core level region. The metal (Mn, Fe, Co and Ni) 

species yield two 2 p3/2 and 2 p1/2 ionization peaks with some additional intensity at higher 

binding energies causing asymmetry in the band shape. The core ionization process (M 2  p3/2 

→∞) is quite simple, there are many possible final states due to the multiplet structure of 

transition metal ions. 53 The M 2 p3/2 photoemission spectrum of each phthalocyanine used for 

the functionalisation of the single-walled carbon nanotubes is displayed in Fig.3. 13 and the 

binding energy values are reported in Table 3. 3. 

As for the nanotubes functionalised with manganese, iron, cobalt, and nickel metal 

phthalocyanines, they present similar XPS spectral characteristics as the phthalocyanines 

described above. Fig.3. 10b illustrates the survey scan of the carbon nanotubes functionalised 

with nickel phthalocyanine, as an example of the sample set. 
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Fig.3. 12. XPS spectra of the N 1s core level region of the single-walled carbon nanotubes functionalised non-covalently with 

manganese, iron, cobalt and nickel phthalocyanines with the corresponding fits. The N 1s core level region spectra for the 

pristine (commercial) metal phthalocyanines are also reported for comparison. 
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Table 3. 3. Binding energies (BE in eV) and percentages (in parenthesis) indicating how much the component 

contributes to the total N 1s and M 2p3/2 core level region for each pristine metal monophthalocyanine and single-

walled carbon nanotubes after the deposition of phthalocyanines. 

a value of FWHM for the peak of the M-N and C-N=C bond contributions. 

Fig.3. 11 at the bottom of each set of images shows the C 1s region of the nanotubes 

functionalised with the respective phthalocyanines. This signal was fitted into five components 

as well as the pristine nanotubes (Fig.3. 11). The first contribution was mainly assigned to the 

sp2 carbon bonds of the aromatic lattice of the nanotube and the MPcs with a BE around 284.4 

and 284.7 eV. The second component can be assigned to two bond types, the C-O present in the 

nanotubes and C-N of the phthalocyanines, whose binding energy in the range of 285.8 and 

286.0 eV, is too close to resolve the deconvolution. The same case for the third component 

assigned to C=O and C=N at BE from 287.0 to 287.5 eV. 54 The last two correspond to COO 

and π–π* shake-up (Table 3. 1).  

N 1s for the four MPc+SWCNT samples is shown in the lower part of Fig. 3. 12. Each 

spectrum shows the three contributions of the metallic phthalocyanines: coordination bonding 

with the respective M-N metal, C-N=C bonding and stirring. However, comparing the pristine 

macrocycles reveals some changes. There is a BE shift of the M-N bond contribution of 0.2 and 

0.3 eV to higher binding energy for the nanotubes with cobalt and nickel phthalocyanines , 

respectively, and the C-N=C bond shifts 0.2 eV to lower binding energy for iron and cobalt 

phthalocyanines. For manganese, the latter shifts to higher energy. The ratio between the 

spectral intensity of the M-N bond and that of the C-N=C bond is about 1, suggesting that the 

4 Niso atoms of MnPc, FePc, CoPc and NiPc are coordinated with the metal atom and the four 

nitrogen atoms (azamethine N) are not. This confirms the presence of phthalocyanines on the 

surface of the nanotubes. 

The most notable change relates to the full width at half maximum (FWHM) of the N 1s 

peak of the MPc+SWCNT hybrids, which are less broad than the peak of the pristine 

phthalocyanines (Table 3. 3). This factor may indicate a possible formation of a phthalocyanine 

monolayer on the nanotube surface or on the agglomerates and corroborates by TEM images 

since one of the parameters that can influence the FWHM is the thickness of the organic film 

deposited on the gold substrate (see Chapter 2 the pristine phthalocyanines were prepared in 

bulk).52,55 The modification in the shape indicates a stronger interaction between the nitrogen 

atoms of the MPcs molecules.53,56  

 N 1s (eV) M 2p 3/2 (eV) 

Sample M-N C=N-C FWHMa Shake-up  

MnPc 398.3 (42.6) 399.2 (40.2) 1.5 400.0 (17.3) 642.4 
FePc 398.2 (43.4) 399.3 (41.8) 1.7 400.5 (14.7) 710.8 
CoPc 398.0 (44.5) 398.8 (42.6) 1.4 400.0 (12.9) 780.6 
NiPc 398.3 (45.3) 399.1 (42.3) 1.6 400.3 (12.4) 855.6 

MnPc+SWCNT 398.3 (43.5) 399.4(44.0) 1.5 400.3(14.4) 642.3 
FePc+SWCNT 398.1 (42.2) 399.1 (43.4) 1.6 400.6 (14.2) 710.8 
CoPc+SWCNT 398.3 (44.1) 399.0 (41.8) 1.2 400.1 (14.1) 780.7 
NiPc+SWCNT 398.5 (43.8) 399.1 (42.6) 1.4 400.2 (13.7) 855.7 
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Fig.3. 13. XPS spectra of the M 2p3/2 (where M = Mn2+, Fe2+ Co2+ and Ni2+) core level region of the single-walled carbon 

nanotubes functionalised non-covalently with manganese, iron, cobalt, and nickel phthalocyanines with the corresponding fits. 

The M 2p3/2 core level region spectra for the pristine (commercial) metal phthalocyanines are also reported for comparison. 
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Fig.3. 13 illustrates the M 2p3/2 core level region for single-walled CNTs functionalised 

with the four phthalocyanines.  The parallel binding energy is not significantly shifted in most 

of the MPc+SWCNT hybrids. The slight changes in peak shape can be attributed to the presence 

of carbon nanotubes. 

Similar to the EDS and infrared spectra, the photoemission spectra do not indicate any 

additional components to the elements of each metal macrocycle.  

 

3.3.2. Self-assembly: from molecular mechanics  

Molecular modelling by molecular mechanics was implemented to determine and analyse 

the self-assembly geometry or adsorption arrangement of the phthalocyanines on the nanotube 

surface using the most energetically stable hybrid model. Unfortunately, no detailed STM 

characterisation of the self-assembled arrays on CNTs has been reported, only of porphyrins. 
57,58 

For the analysis of the simulation of the self-assembly, the structure of free-base 

phthalocyanine was used as a model molecule to represent the transition metal 

monophthalocyanines, since mechanic molecular disregards the electron density, the four 

transition complexes would have the same geometry and behaviour in the non-covalent 

interactions with the nanotubes. For this purpose, a single-walled carbon nanotube model of 

choice was a closed-end with C180 fullerene and zigzag nanotube (15,0) with 1.16 nm diameter 

and 8.21 nm long (optimised geometry) was utilised (Fig.3. 14).  

The patterns of phthalocyanine self-assembly or adsorption on a carbon nanotube 

(H2Pc+SWCNT) were made from one and two free base phthalocyanine molecules placed in 

different positions on the nanotube surface (Fig.3. 15 to Fig.3. 15). From the most energetically 

stable template, models with up to eight molecules on the nanotube surface were constructed.   

 
Fig.3. 14. Model of a single-walled carbon nanotube and a molecule of the free-base phthalocyanine optimized by molecular 

mechanics. 
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Simulation of the non-covalent interactions of a H2Pc molecule with a single-walled CNT 

by MM can occur on the sidewall or on the tips of the nanotube (Fig.3. 15). The adsorption of 

a H2Pc molecule on the tip has a formation energy of -27.8 kcal/mol, while macrocycle 

adsorption on the sidewall can take placed in three different positions depending on the 

orientation of the hydrogen atom of the pyrrole unit (-NH) with respect to the nanotube axis: 

diagonal (Fig.3. 15b), vertical (Fig.3. 15c) or parallel position (Fig.3. 15d) with formation 

energies of -47.4, 46.8 and 47.0 kcal/mol respectively. Thus, the interaction of a H2Pc molecule 

on the sidewall with the amine groups diagonal (Fig.3. 15b) to the nanotube axis is the most 

energetically favourable option. The vertical (Fig.3. 15c) and horizontal (Fig.3. 15d) orientation 

of the hydrogen atoms on the nanotube surface can be considered as tautomers of the free -base 

phthalocyanine because these atoms migrate from one pair of nitrogen atoms to the other. 59,60 

For the metal monophthalocyanines, the arrangements are equivalent. 

The aforementioned lower energy orientation has been reported from DFT studies for the 

adsorption of free-base, cobalt, copper and zinc phthalocyanines on open nanotubes of different 

diameters and chiralities (armchair and zigzag). 60,61 

Starting from arrangement b of Fig.3. 15, two molecules of H2Pc can be accommodated on 

the surface of a single-walled CNT in seven ways: molecules separated in the different planes 

(Fig.3. 16a), interacting with the benzene rings (C6H4) of the isoindole, which come into contact 

side by side with the other molecule face to face (Fig.3. 16b), separated in alignment with the 

benzene rings (Fig.3. 16c), stacked staggered (Fig.3. 16d) and eclipsed (Fig.3. 16e) and 

interacting with the benzene rings with a slight displacement, where, if the addition of more 

H2Pc is continued, a long (Fig.3. 16f) or short (Fig.3. 16g) periodicity helix would be generated. 

The least energetically stable adsorption arrangement are alternated and eclipsed stacking, 

followed by the hybrid with the separated macrocycles (opposite planes and aligned), with 

formation energies of -78.4, -78.9, -94.6 and -94.6 kcal/mol respectively. This suggests that the 

adsorption of the phthalocyanines occurs in a monolayer, which is in agreement with TEM, 

SEM and XPS results. These four models were not used to determine the self-assembly pattern 

with more than three molecules of phthalocyanines.  

 

Fig.3. 15. Four positions of adsorption of a H2Pc molecule on the surface of a single-walled carbon nanotube: (a) on the tip 

and according to the position hydrogen atoms of pyrrole unit in (b) diagonal, (c) vertical and (d) parallel direction of the nanotube 

axis. Energy of formation in kcal/mol. 



 

 65 

 Chapter   3 

Fig.3. 16. Optimised geometry of seven possibilities of self-assembly arrangements of two H2Pc molecules on a carbon 

nanotube: molecules (a) separated in different planes but on the same surface, (b) interacting with the benzene rings of each 

macrocycle facing each other, (c) separated in alignment with the benzene rings, (d) stacked alternating (e) eclipsed, (f) long 

and (g) short periodicity helixes. Energy of formation in kcal/mol. 

A third H2Pc molecule was added to the most energetically favourable hybrids so that a 

monolayer of three interacting molecules is obtained. As a result, four possible arrangements 

were achieved. The molecules can be arranged in a short (Fig.3. 17a) or long helix (Fig.3. 17b), 

forming a right angle (Fig.3. 17c) or an obtuse angle (Fig.3. 17d). The short helix arrangement 

is the most energetically favourable option with a formation energy of -147.7 kcal/mol. 

The inclusion of a fourth phthalocyanine in the two helical architectures results in a 

formation energy of -197.9 kcal/mol for the short periodicity (Fig.3. 18a) and -196.6 kcal/mol 

for the long period (Fig.3. 14b). The fourth molecule can also be added to the right-angle (Fig.3. 

18c) and obtuse angle (Fig.3. 18d) arrangement, with a formation energy of -199.8 and 196.6 

kcal/mol, respectively. Thus, the least energetically favourable adsorption arrangements are the 

long periodicity helix and the obtuse angle, resulting to be isoenergetic. While the lowest 

potential energy was obtained for the right angle (or square) arrangement followed by the short 

helix. An interesting observation is that the right-angle arrangement of four H2Pc molecules can 

be seen as a combination of two helices of short or long periodicity. This type of self -assembly 

ensures the interaction of each free-base phthalocyanine with as many neighbouring molecules 

as possible, due to the dense packing between molecules. 62 
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Fig.3. 17. Four possibilities of array for three free-base phthalocyanine molecules on the sidewall CNT: (a) short and (b) long 

periodicity helixes, forming (c) a right-angle and (d) an open-angle or obtuse angle. Energy of formation in kcal/mol.  

The accommodation of eight phthalocyanines molecules on the surface of a single-walled 

nanotube model was performed using the lowest energy patterns of the hybrids obtained with 

six H2Pc molecules (results equal to four adsorbed molecules): formation of a short-periodicity 

(Fig.3. 19a), right-angle helix (Fig.3. 19b). Two separated (Fig.3. 19c) and nearby (Fig.3. 19d) 

long-periodicity helices and two associated short-periodicity helices of four free-base 

phthalocyanines (Fig.3. 19e) were also modelled. The most thermodynamically stable 

geometry, once again, was the right-angle hybrid with -404.5 kcal/mol, followed by the two 

associated short-periodicity helices with -404.1 kcal/mol. These results confirm the energetic 

preference of the free base phthalocyanines towards the formation of short and long helix 

architectures intercalated forming right angles between every three macrocycles adsorbed on  a 

SWCNT surface (Fig.3. 19b). The trend becomes more pronounced as the number of molecules 

increases on the nanotube. The reason for obtaining lower formation energy for these 

arrangements is attributed to the compact periodicity produced, resulting in an optimal 

interaction of each free-base phthalocyanine with every possible neighbouring molecule. 

Overall, the results obtained overall show that the helical geometries (short and long 

periodicity) in the case of adsorption of two, three and four molecules if they continue to grow 

with the same self-assembly pattern could lead to the same architecture, an arrangement of eight 

molecules located at right angles (Fig.3. 19b). The energy differences between the complexes 

with the same molecule number suggest a possible sequence of events for the self -assembly of 

Pcs on a SWCNT surface. An example can be visualised with a set of three H2Pc molecules, 

especially with the short helix and right-angle architecture hybrids in which the most 

thermodynamically stable eight-molecule arrangement can be achieved. However, the 

difference in formation energy suggests that the helix self-assembly is an intermediate stage to 

produce the lowest energy geometry through the helical association generated by π -π 

interactions and thus obtain complete H2Pc coverage of the nanotube surface. The behaviour of 

the free base phthalocyanine is similar to that of H2TPP molecules on the surface of the same 

SWCNT model and under the same computational conditions (MM+ force field).  62 
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Fig.3. 18.Optimised geometry of different arrangement of four H2Pc molecules adsorbed on a single-walled carbon nanotube: 

a) short and (b) long periodicity helixes, forming (c) a right-angle (square) and (d) an obtuse angle. Energy of formation in 

kcal/mol. 
 

Fig.3. 19. Molecular modelling of eight H2Pc molecules self-assembled on a single-walled carbon nanotube. Energy of 

formation in kcal/mol. 

Assuming the hypothesis that the deposition of the macrocycles did not only occur on 

individual nanotubes but also on the surface of nanotube agglomerates, due to the strong π -π 

interactions of each conjugated component and visualised by SEM and TEM images together 

with dispersion tests, an agglomerate of three nanotubes each with six H2Pc molecules was 

modelled following the lower energy self-assembly model, (see Fig.3. 20). The agglomerate has 

an energy of -1651.4 kcal/mol, indicating that the adsorption is energetically favourable. 
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Fig.3. 20. Molecular model of an agglomerate of carbon nanotubes each with six self-assembled H2Pc molecules forming a 

rectangle as the most energetically arrangement. 

 

3.3.3. Electrochemical  behaviour  

To investigate the electrocatalytic activity of the synthesized hybrids for oxygen evolution 

reaction (OER), cyclic voltammetry was performed in 0.1M KOH and 1M KOH solutions in a 

three-electrode cell. Fig.3. 21a, b. depicts cyclic voltammograms (CV) of the hybrids of the four 

metal phthalocyanines with single-walled CNTs and bulk nickel electrode. In both 

concentrations the pristine SWCNTs showed the lowest current density for OER compared to 

functionalized single-walled CNTs. In 0.1 M KOH, the best performing catalyst was the 

nanotubes with the CoPc following by NiPc, FePc and then MnPc+SWCNT. At low KOH 

concentration bulk Ni activity was very low, and all hybrids outperformed Ni for OER. Contrary 

to lower KOH concentration, bulk Ni showed a lower onset potential by 20 mV compared to all 

the MPc+SWCNT hybrids. For 1M KOH, a more negative onset potential located at about 1.50 

V was found for NiPc+SWCNT in comparison with 1.51, 1.53, 1.56 and 1.57 for CoPc, FePc, 

MnPc, Ni wire and single-walled carbon nanotubes, respectively. The onset potentials for both 

electrolyte concentrations are summarized in Table 3. 4. 

 

 
Fig.3. 21. Cyclic voltammograms of the hybrids of the manganese, iron, cobalt, and nickel phthalocyanines with single-walled 

carbon nanotube in (a) 0.1 M KOH and (b) 1 M KOH solution at scan rate of 20mVs-1 
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Table 3. 4. Onset potentials and Tafel slopes for two different concentrations of MPc+SWCNT hybrids in 
comparison with Ir black and Ni wire catalysts 
 

Catalyst Onset 

V vs RHE 

(0.1M KOH) 

Onset 

V vs RHE 

(1M KOH) 

Tafel slope 

mV/dec 

(0.1MKOH) 

Tafel slope 

mV/dec  

(1MKOH) 

SWCNT 1.60 1.60 103.25 106.66 

NiPc+SWCNT 1.50 1.50 64.02 56.05 

CoPc+SWCNT 1.55 1.51 80.45 75.36 

FePc+SWCNT 1.56 1.53 86.63 85.48 

MnPc+SWCNT 1.55 1.56 95.84 99.20 

Ir Black 1.42 1.48 57.66 43.08 

Ni wire 1.50 1.50 56.31 53.89 

 

The OER activity found for the pristine single-walled CNTs can be attributed to Fe 

impurities present in single-walled CNTs (as corroborated by EDS) due to the CVD technique 

employed for their synthesis, thus affecting the catalytic response. For the nickel phthalocyanine 

an oxidation and reduction peak at 1.4 V was observed for both concentrations corresponding 

to NiOOH/Ni(OH)2 redox processes.63 The results for 0.1M and 1M KOH (Fig.3. 21a and b) 

determined the pH dependence of the activity of the MPc+SWCNT hybrids, showing that the 

activity increases with increasing pH. However, hybrids show higher current densities for OER 

at lower pH than Ni bulk. Nevertheless, for CoPc+SWCNT, the onset potential is shifted to more 

negative potentials for lower pH values.  

The activity of catalysts for OER is commonly determined by the overpotential needed for 

achieving 10 mA cm-2.64 For NiPc+SWCNT, a potential obtained was of 1.6 V, followed by 1.62 

V for CoPc+SWCNT, 1.64 V for FePc+SWCNT, 1.66 V for MnPc+SWCNT and 1.68 V for 

pristine single-walled CNT. The lowest overpotential of 370 mV was obtained for 

NiPc+SWCNT, in comparison to other synthesized hybrids. This confirms that the most active 

hybrid is NiPc+SWCNT, showing the best activity with the lowest overpotential among the other 

hybrids and pristine nanotubes as well.  

Liner sweep voltammetry (LSV) of electrocatalyst in 1M KOH (Fig.3. 22) agrees with cyclic 

voltammetry showing that NiPc+SWCNT and CoPc+SWCNT show high current densities with 

a sharp onset potential located at about 1.5 V vs. RHE. To obtain more insights into the catalytic 

activity of functionalized nanotube samples, Tafel plots were evaluated, as illustrated in Fig.3. 

22. The Tafel slopes obtained are similar for both concentrations and are summarized in Table 

3. 4. The smallest Tafel slope was found for NiPc+SWCNT at about 56 mV dec -1 in 0.1M KOH 

and 64 mV dec-1 in 1M KOH. The Tafel slopes of the functionalized samples are comparable to 

the values obtained for Ni bulk and Ir black electrodes in the same electrolyte (Table 3. 4). 

However, in comparison with other catalysts based on phthalocyanines, the Tafel slopes found 

for MPc+SWCNT are lower (Table 3. 5). This can be explained by the fact that single-walled 

carbon nanotubes are a conductive material with high surface area. In addition, the non-covalent 
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π−π bond between the carbon nanotubes and the phthalocyanines, provides the materials with 

a stable and active structure. 

The stability of MPc+SWCNT hybrids was evaluated in 0.1M and 1M KOH. Long term 

chronoamperometry (CA) was carried out at 1.56 and 1.59 V vs. RHE in 0.1M and 1M KOH 

respectively and the results are summarized in Fig.3. 23.  

 

Table 3. 5. Tafel slopes of 3d transition metal phthalocyanine based electrocatalysts. 

Catalyst Substrate Electrolyte 
Tafel slope 

(mv dec-1) 
Reference 

NiPc SWCNT 1M KOH 64.02 Present work 

CoPc SWCNT 1M KOH 80.45 Present work 
CoPc FTO 0.1M NaPO3 120.00 65 
FePc MWCNT 0.1M KOH 108.5 18 
NiPc MWCNT 0.1M KOH 132.9 18 
NiPc MOF 1M KOH 74.00 66 
MnPc ITO/PANI 4-azidoaniline 300.0 67 
FePc Hollow carbon spheres 0.1 M KOH 83.0 68 

 

 

Fig.3. 22. (a) Linear sweep voltammetry curves at 1mVs -1 and (b) Tafel plots of the MPc+SWCNT hybrids in 1 M KOH. 
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Fig.3. 23. Chronoamperometric curves in (a) 0.1 M KOH at 1.56 V and (b) 1M KOH at 1.59 V on MPc+SWCNT 
 

An increase in the current density was observed (Fig.3. 23) for NiPc, CoPc and FePc-based 

catalysts within the first 4 h of the experiment. In 1M KOH, NiPc+SWCNT displayed an 

important increase in the current density. After four hours, the activity decreased and remained 

stable for the rest of the experiment. A similar behaviour was observed for CoPc+SWCNT. 

However, after 10 hours of experiment, the activity decreased considerably. For FePc+SWCNT 

an interesting behaviour was observed, where the current density kept increasing for 6 h and  

then started to decrease gradually. The increase in current density at the beginning of 

experiment was possibly caused by surface activation of the catalyst and formation of Ni(OH) 2 

and Co(OH)2 sites. 

The current density for NiPc+SWCNT and FePc+SWCNT increased over time in 0.1M 

KOH, with no further decrease observed after 10 h. Even though the activity of FePc+SWCNT 

is not as high as that of other catalysts, the behaviour was found to be more stable over time. 

Furthermore, the stability of the catalysts was evaluated by acquiring cyclic voltammograms 

immediately after finishing the chronoamperometry experiments (Fig.3. 24).  

The mechanism for the OER with single-walled carbon nanotubes noncovalently 

functionalized with metal phthalocyanines in general follows a similar path to metal catalysts. 

In this case, the metal phthalocyanine of the MPc+SWCNT hybrid, acts as the active site. In 

Fig.3. 25 it is noted that there are two different approaches for O2 formation. The first, consists 

of the direct coupling of two O-MPc+SWCNT intermediaries (pink line) and in the second 

route, the OO-MPc+SWCNT intermediaries are formed initially by the reaction of O-

MPc+SWCNT with OH and then the combination with OH to produce O2 (black route).14,19,69  
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Fig.3. 24. Cyclic voltammograms responses of electrocatalysts immediately after finishing CA experiments in a, c, e) 0.1 M 

KOH and b, d, f) 1 M KOH. Scan rate 20 mVs-1. 

 

The OER mechanism for nickel-based catalysts is still under study, however, it has been 

reported that the formation of catalytically active species for the OER occur through a 

deprotonation of hydrated nickel oxyhydroxide towards the formation of oxide (NiO−) or 

superoxide (NiOO−) species. 70,71 These mechanisms propose the formation of O2 through the 

decomposition of negatively charged surface species (O2
−) which differs from the “classical” 

OH−/e−transfer mechanism (Fig.3. 25). 

The oxidative deprotonation process to generate the catalytic species for the OER is not 
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particular for nickel. It has been reported that catalysts based on cobalt, iron and manganese are 

also deprotonated before the oxygen evolution, in processes that are pH depend. 63,70 

 

Fig.3. 25. Mechanism of OER for alkaline conditions (green line). The black line indicates that the evolution of oxygen involves 

the formation of a peroxide intermediate (M-OOH), while another route is also possible for the direct reaction of two adjacent 

oxo (M-O) intermediates (pink) to produce oxygen. 

 

3.4. Conclusions  

Single-walled carbon nanotube-supported metal phthalocyanines hybrids, NiPc+SWCNT, 

CoPc+SWCNT, FePc+SWCNT, were synthesized through an ecologically friendly gas -phase 

deposition method and studied as electrocatalysts for oxygen evolution reaction. The 

preparation of the functionalisation of the nanotubes with manganese phthalocyanines was 

carried out in liquid phase, by reflux in butanol, due to the to lower thermal stability of the 

MnPc. TEM and SEM micrographs showed the uniform deposition of MPc. The amount of 

phthalocyanine calculated from the weight difference before and after functionalization of the 

CNTs as 20.2%, 26.3%, 28.4% and 27.3% for FePc, CoPc, NiPc and MnPc, respectively. 

The results of molecular mechanic calculations suggest that H2Pc molecules self-assemble 

on the surface of a SWCNT with a combined geometry of short and long periodicity helices  

interacting at a right angle, as the most thermodynamically stable arrangement.  

All the hybrids synthesized showed an increase in electrochemical activity in comparison 

with pristine single-walled carbon nanotubes and much higher current densities in 0.1M KOH 

than bulk Ni and Ir black electrodes. The effect of repetitive cycling was investigated . It was 

found that the activity increases with the cycling, for both electrolyte concentrations, and to a 

large extent for the NiPc+SWCNT sample. This is consistent with chronoamperometry results 

were an increase over time was observed. These results can be attributed to the activation of Ni 

centres due to the formation of NiOOH. The higher electrocatalytic activity of the synthesized 

hybrids can be associated with the contribution of high surface area and porosity of the SWCNT 
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supports together with non-covalent interactions between the monophthalocyanines and the 

carbon nanotubes.  

The electrochemical results suggest that the performance of the hybrids of 

monophthalocyanines and single-walled CNTs is related to the contribution of phthalocyanine 

and CNT structure due to synergistic effects between them, which enhances the active catalytic 

sites and conductivity of these materials. The synthesized MPc+SWCNT hybrid materials could 

offer a potential alternative to existing conventional precious metal catalyst and extends the 

applications of non-covalent functionalised carbon nanotubes towards the development of 

materials for energy applications 
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Abstract  

 

The presence of structural defects alters the properties of a material. Among the various 

defects in carbon nanotubes, single vacancies and Stone-Wales (SW) defects are the simplest 

and most common. In this chapter, a density functional theory analysis of the influence of a 

Stone-Wales defect incorporated into armchair and zigzag single-walled carbon nanotube 

models functionalised noncovalently with unsubstituted nickel(II) and cobalt(II) 

phthalocyanines as representative metal phthalocyanines, was performed at the PBE-D/DNP 

level of theory. The data obtained (bonding and frontier orbital energies, geometries, charge and 

spin distribution) were compared with the results for similar systems based on defect -free 

nanotube models. The Stone-Wales defect was incorporated into each nanotube model in 

different orientations with respect to the nanotube axis, namely with the (7,7) junction tilted, 

parallel in armchair nanotube or perpendicular in zigzag nanotube with respect to the axis. The 

formation energy of Stone-Wales defect-containing single-walled carbon nanotubes depends on 

the defect orientation and nanotube chirality. It is lowest for the armchair tube where the (7,7) 

junction is tilted to the tube axis and highest for a zigzag tube with the same defect orientation. 

In almost all cases, HOMO-LUMO gap narrowing was observed.  
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4.1. Introduction 

The covalent and noncovalent functionalisation of carbon nanotubes of both multi -walled 

and single-walled, with macrocyclic compounds such as phthalocyanines, has been addressed 

in numerous studies due to the broad spectrum of applications that such nanohybrid materials 

can offer (see Chapter 1). 1,2,11,12,3–10 The performance of functional materials and devices relies 

upon the particular distribution and position of Pcs molecules on CNTs sidewalls (especially in 

the case of non-covalent functionalisation, when π- π stacking interactions between the 

aromatic rings are explored), but also the nature of central metal atom of the Pc. CNTs size and 

chirality also play a role. 13 In this context, it is necessary to consider that carbon nanotubes (as 

any graphene-derived materials) cannot be produced with a perfect structure, they usually 

contain different types of topological defects incorporated during their growth (synthesis) or 

purification, irradiation or chemical preparation. The most important ones are vacancies, Stone-

Wales (SW) defects, octagon-pentagon pairs as well as adatoms, all of which can significantly 

change the electrical, chemical, and mechanical properties of carbon nanomaterials . 14–18 

The formation of a SW defect consists of the 90° rotation of only two carbon atoms (C-C) 

in the plane of the hexagonal lattice, creating two pairs of five-membered and seven-membered 

rings (5775). This is the only mechanism of defect generation that does not alter the nature of 

the sp2 backbone. 15,18–20 The abundance of SW defects might be desirable for many novel 

chemical and electronic applications employing interlinked CNTs. The defect formation and its 

effects on the structural and electronic properties of nanotubes have been examined theoretically 

by a number of researchers,14,16,20–27 who have demonstrated that incorporation of SW defects 

can reduce or close the band gap in wide band gap CNTs and therefore increase their metallic 

character.16,23,28 Alternatively, it has been shown to induce band gap opening in narrow band 

gap carbon nanotubes. Naturally, the number of SW defects and their orientation in the tube 

structure can further enhance the change from a semiconductor nanotube to a conductor, as well 

as modify chirality and diameter.14,24 Previous related studies have shown that the nanotube 

stability increases as the defects are found closer to the open end of the SWCNT,15 and that C–

C bonds associated with SW defects are more reactive compared to those in a perfect 

hexagon,20,27 thus enhancing the adsorption of ozone 26, Ni 27 atoms and alkanethiol 

molecules,29 as well as in covalent bond formation when interacting with carboxyl groups, 30 

methylene CH2 20 and amine groups.31,32  

Despite the importance of the phenomena mentioned above, the relevant information on 

the influence of SW defects on the structural, chemical and physical properties for a wide variety 

of hybrid systems on CNTs systems is relatively scarce or at least controversial. This is especially 

true for nanotubes noncovalently functionalised with Pcs. For example, a few studies (including 

our own reports) addressed the adsorption of Pcs on defect-free carbon nanotubes, 13,33–36 but 

only one was focused on the adsorption of free-base phthalocyanine on Stone-Wales defect-

containing single-walled CNTs models.19 One should especially emphasise that the 

experimental characterisation of carbon nanohybrids non-covalently functionalised with 

organic compounds is not an easy task, and the data provided is often insufficient to make well -

grounded conclusions on the mechanisms of interaction between organic functionalising species 
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with a carbon nanomaterial.35 Under such circumstances, it is necessary to employ theoretical 

tools, in particular density functional theory (DFT) calculations, which are capable of providing 

valuable information on the geometry, stability and electronic characteristics of Pc–carbon 

materials such as carbon nanotubes 34–36 and fullerenes 37–39.  

The goal of the studies reported in the present chapter was to carry out a DFT analysis of 

the influence of a Stone-Wales defect incorporated into armchair and zigzag single-walled CNTs 

models functionalised noncovalently with unsubstituted nickel(II) and cobalt(II) 

phthalocyanines (MPc, where M = Ni2+, Co2+) as representative Pc, since these showed better 

catalytic performance in Chapter 3. The data obtained are compared with our previous DFT 

results reported for similar the hybrids of metal monophthalocyanines with defect-free nanotube 

models. 34  

 

4.2. Results  and discussion 

4.2.1. A Stone-Wales defect in s ingle walled carbon nanotubes  models  

The carbon nanotube models employed to study the influence of a SW defect on the non-

covalent interactions of single-walled CNTs with CoPc and NiPc were derived from the armchair 

(5,5) and zigzag (10,0) nanotubes (ANT and ZNT, respectively), which are comp osed of 120 

and 140 carbon atoms, and whose ends are capped with C60 and C80 (spherical with Ih 

symmetry) fullerene hemispheres, respectively. 34–36,40,41 The incorporation of a SW defect in a 

nanotube is possible in two different ways resulting in four different models depending on the 

defect orientation with respect to the nanotube axis (Fig.4. 1). When the (7,7) junction is tilted 

with respect to the nanotube axis as in the Fig.4. 1e and Fig.4. 1f, the defects are referred to as 

SW-T, and the nanotube models as ANT_SW-T and ZNT_SW-T. In the other two alternative 

models the SW defect is oriented with the (7,7) junction parallel in ANT (Fig.4. 1c) and 

perpendicular in ZNT (Fig.4. 1d) with respect to the nanotube axis (SW-P notation in both 

cases; ANT_SW-P and ZNT_SW-P models). These models were used in the recent analysis of 

adsorption of base-free phthalocyanine on single-walled CNTs with SW defects.19   

In the present study, the structures of four isolated models of defective nanotubes were fully 

optimised, and their computed properties were compared to those of defect-free ANT and ZNT 

nanotubes. We examined the geometry parameters (bond lengths, bond angles and dihedral 

angles), formation energies, HOMO, LUMO, LUMO-HOMO gap energies and Mulliken charge 

distribution. The calculated energy of SW defect formation for any particular CNT with diameter 

d increases monotonically with the angle θ that the C-C bond common to the two heptagons 

forms with the tube axis. Their values were calculated by considering the total energies 

presented in Table 4. 1 and those published previously for defect-free ANT and ZNT. 34 The 

formation energy of 71.02 kcal/mol is highest for ANT_SW-P with θ = π/2) and 20% lower for 

ANT_SW_T with θ = π/6 (49.39kcal/mol). For the zigzag tubes the difference is even larger 

since ZNT_SW-T with θ = π/3 has a formation energy of 63.84 kcal/mol, while ZNT_SW-P 

with θ = 0 necessitates 33.93 kcal/mol. When considering a series of periodic nanotube models 
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with chiralities (n,0) and (n,n), Pan et al.,24 as well as Kabir and Van Vliet42 reported a similar 

dependence on the orientation of SW dislocation dipole θ and diameter. In particular, they 

indicated that the greater the diameter the greater the formation energy for any particular θ or 

orientation of SW defect, converging toward the value calculated for graphene (114.38 

kcal/mol). 42  

One of the first visible changes due to the incorporation of pentagons and heptagons as  

imperfections in the sp2 hexagonal lattice, is the distortion of curvature of the nanotubes 43,44 

after geometry optimisation, as can be seen in Fig.4. 1. The presence of these defect generates 

an increase and/or decrease in the diameter of nanotube in different points along the tube axis 

within the same structure.45,46  Where precisely the diameter changes and by how much depends 

on a particular orientation of [7,7] C–C bond, whereas in a defect-free closed-end nanotube, the 

diameter is a function of the size of the fullerene cap only. The correlation between the angle θ 

of the central [6,6] C–C bond and ∆𝐸SW value can be explained qualitatively in terms of the 

curvature-induced rehybridisation upon defect formation. The Coulomb repulsion inside the 

nanotube increases with increasing curvature, leading to significant rehybridisation of σ and π 

orbitals. The real hybridisation in CNTs is intermediate between sp2 and sp3, that is, sp2+τ. 42 

For a particular CNT with diameter d, the rehybridisation τ decreases with increasing θ. For the 

defect-containing structure (SWCNT_SW), the local curvature at the site of the [7,7] C–C bond  

increases for higher θ, and correspondingly τ decreases, which in turn increases ∆ESW 42 (Table 

4. 2). Also, when comparing the C-C bond length for nanotubes with and without the defect, we 

find it to be shorter in the former case (Table 4. 2). 

Fig.4. 1. Optimised geometries for armchair (ANT) and zigzag (ZNT) nanotube models, incorporating SW defects in parallel 

(in ANT) or perpendicular (in ZNT) and tilted orientation (SW-P and SW-T, respectively) of the (7,7) junction with respect to 

nanotube axis. Two pentagonal and two heptagonal rings forming SW defect (sixteen carbon atoms) are highlighted in red. θ 

is the angle between the rotating C−C bond in the pristine SWCNT and the nanotube axis.  
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Table 4. 1.Total energies (in Ha) for separated components and noncovalent hybrids MPc+SWCNT_SW, formation 

energies ΔE (in kcal/mol) for the hybrids, HOMO, LUMO and HOMO-LUMO gap energies (in eV), calculated using 

the PBE GGA functional with Grimme’s dispersion correction in conjunction with DNP basis set. 

a For comparison, ΔE and Egap values obtained previously for the defect-free structures 34 are presented in parenthesis. 

 

The length difference (∆𝑏 = 𝑏perf−𝑏def) is larger for larger θ values: ANT_SW-P (θ = 

π/2) > ANT_SW-T (θ = π/6), and ZNT_SW-T (θ = π/3) > ZNT_SW-P (θ = 0). Thus, the 

structures ANT_SW-T and ZNT_SW-P are lower in energy than ANT_SW-P and ZNT_SW-T 

models due to comparatively higher rehybridisation. This phenomenon was observed for 

periodic nanotube models (with no closed ends). 42 

 

Table 4. 2. Carbon-carbon bond lengths before (SWCNT) and after rotation (SWCNT_SW) for zigzag and armchair 

nanotubes studied here. Bond lengths for different defect orientations are shown. The difference between bond 

lengths for pristine and defected structures is calculated as (∆𝑏 = 𝑏𝑝𝑒𝑟𝑓−𝑏𝑑𝑒𝑓) 

SWCNT 
∆𝑬𝐒𝐖 

(kcal/mol) 
[6,6] C-C bond 

(Å) 
SWCNT_SW 

[7,7] C-C bond 
(Å) 

∆𝒃 = 𝒃𝐩𝐞𝐫𝐟−𝒃𝐝𝐞𝐟 

ANT-P 71.02 1.4400 ANT_SW-P 1.3620 0.0780 

ANT-T 49.39 1.4200 ANT_SW-T 1.3980 0.0220 

ZNT-P 33.93 1.4150 ZNT_SW-P 1.3780 0.0370 

ZNT-T 63.84 1.4280 ZNT_SW-T 1.3470 0.0810 

 

 

System Etotal (Ha) ΔE (kcal/mol) EHOMO (eV) ELUMO (eV) Egap (eV) 

ANT_SW-P -4569.0963321  -5.105 -4.789 0.316 (0.648) a 

ANT_SW-T -4569.1308181  -5.333 -4.757 0.576 (0.648) 

ZNT_SW-P -5330.8183555  -5.652 -5.563 0.089 (0.388) 

ZNT_SW-T -5330.7706864  -5.571 -5.443 0.128 (0.388) 

CoPc -3048.5589861  -5.043 -4.021 1.023 

NiPc -3174.1081023  -5.064 -3.601 1.463 

CoPc+ANT_SW-P -7617.7136811 -36.62 (-35.73) a -4.923 -4.647 0.276 (0.609) 

CoPc+ANT_SW-T -7617.7501554 -37.87 (-35.73) -5.134 -4.604 0.530 (0.609) 

CoPc+ZNT_SW-P -8379.4405070 -39.64 (-40.03) -5.370 -5.291 0.079 (0.065) 

CoPc+ZNT_SW-T -8379.3901180 -37.93 (-40.03) -5.308 -5.268 0.039 (0.065) 

NiPc+ANT_SW-P -7743.2559499 -32.33 (-33.07) -4.877 -4.599 0.278 (0.610) 

NiPc+ANT_SW-T -7743.2915988 -33.06 (-33.07) -5.118 -4.570 0.547 (0.610) 

NiPc+ZNT_SW-P -8504.9829471 -38.00 (-37.61) -5.375 -5.289 0.086 (0.070) 

NiPc+ZNT_SW-T -8504.9343370 -37.41 (-37.61) -5.325 -5.263 0.062 (0.070) 
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4.2.1.1.  Torsion angles  

Another geometric parameter convenient for the characterisation of structural changes due 

to SW defect is dihedral or torsion angle (). Fig.4. 2 shows the fragments (sixteen carbon 

atoms) of geometries optimised for defect-free ANT and ZNT and those incorporating Stone-

Wales defects in different orientations, along with the set of values of dihedral angles for each 

fragment. One can see that in the defect-free ANT, the angles perpendicular to the nanotube axis 

(p; for example, C(1)-C(2)-C(3)-C(15) in ANT-P) have zero values, whereas the ‘horizontal’ 

angles (h; exemplified by C(14)-C(1)-C(2)-C(3) in ANT-P) parallel to nanotube axis vary 

between -21°.9 and 21.9°, for both perpendicular (ANT-P) and tilted orientation (ANT-T) of 

the[7,7] C-C bond. In the case of zigzag chirality (ZNT-P and ZNT-T), p vary between -20.7° 

and 20.9° and, h between -5.6° and 6.8°. The introduction of a SW defect generally results in 

a strong distortion of the dihedral angles, as illustrated by the following ranges for each 

particular single-walled CNT model: for ANT_SW-P, p between -48.5° and 48.8°, and h 

between -26.6° and 26.7°; for ANT_SW-T, p between -13.1° and 14.8°, and h between -

29.8° and 30.6°; for ZNT_SW-P, p between -24.0° and 24.1°, and h between -16.7° and 

15.0°; for ZNT_SW-P, p between -40.5° and 26.2°, and h between -32.1° and 20.1°. At the 

same time, the corresponding bond angle distortion turns out to be relatively small in all cases.  

 

4.2.1.2.  HOMO-LUMO gap energies  

The difference between HOMO and LUMO levels represents the band gap energy. 45,47 

Since the band gap is one of the critical parameters in the design of CNTs-based systems for 

electronics applications, its behaviour upon Stone-Wales defect formation is of special 

interest.48 Table 4. 1 compares band gap values for ANT and ZNT models with and without a 

SW defect. Regardless of the nanotube chirality and defect orientation, gap narrowing is always 

observed. For SW-P models, the gap energy decreases from 0.648 (defect-free ANT) and 0.388 

eV (defect-free ZNT) to 0.316 and 0.089 eV, respectively; for the corresponding SW-T models, 

the decrease is less significant, to 0.576 and 0.128 eV. In other words, the smallest effect is 

found for ANT_SW-T. Besides that, armchair (5,5) nanotube models studied exhibit a wider 

band gap than zigzag (10,0) models, which can be attributed not only to chirality, but to 

diameter and consequently sidewall curvature.46 One can add that in chemical terms, a smaller 

HOMO-LOMO gap implies higher reactivity and correspondingly lower stability. 14  
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Fig.4. 2. Fragments (16 carbon atoms; other atoms are omitted for clarity) of geometries optimised for defect-free ANT and 

ZNT (top structures) and those incorporating Stone-Wales defects in different orientations (bottom structures), along with the 

values of the dihedral angles (in degrees; only atom numbers without “C” symbols are shown for simplicity) and the Mulliken 

population charges. The numbers in blue denote negative charges, and those in red positive charges of carbon atoms. The 

underlined values (upper right corner of each fragment) specify the total charge on the 16 atoms. 
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4.2.1.3.  Mull iken population analysis  

One more aspect is the atomic charge redistribution caused by the defect incorporation, 

which we addressed using a Mulliken population analysis. The results are presented in Fig.4. 2 

and include both individual charges on the 16 carbon atoms participating in the SW defect 

formation, and the total charge on this structural unit. The latter are positive in all cases before 

C-C bond rotation, from 0.012 to 0.056 e. They remain positive for three of the four defect-

containing structures, with the largest changes found for ZNT_SW-T (from 0.026 to 0.054 e) 

and the smallest one, for ANT_SW-P (from 0.028 to 0.030 e). In other words, in the above two 

transformations electron acceptor properties increase. In the remaining two cases of ANT_SW -

T and ZNT_SW-P a gain in electrons is observed, from 0.012 to -0.016 e and from 0.056 to 

0.031 e, respectively; that is, with a SW defect in ZNT_SW-P this structure remains an electron 

acceptor, contrary to its counterpart ANT_SW-T, whose total charge becomes negative (like it 

was found elsewhere 49 for 585 defect).It is noteworthy,that the C atoms of [7,7] junction in 

most SW defect units keep the positive sign of charge of [6,6] bond atoms in defect -free 

nanotubes, the only exception being ZNT_SW-P. In the case of ANT_SW_P and ZNT_SW-T 

the positive charge increased, whereas for ANT_SW-T it decreased. It is also interesting to note 

that heptagon ring atoms tend to gain electrons, whereas pentagon atoms generally lose charge. 

Such a charge redistribution influences the reactivity and explains the mechanisms of covalent 

and non-covalent interactions with various chemical species. 50,51 

 

4.2.1.4.  Distribution of frontier orbital  HOMO and LUMO  

The incorporation of a SW defect results in a frontier orbital redistribution, which is 

illustrated by HOMO-LUMO plots in Fig.4. 3. The extent of this redistribution depends on the 

particular nanotube model. The most pronounced changes as compared to the lobe shape in 

parent defect-free model were found for the HOMO of ANT_SW-P and the LUMO of 

ANT_SW-T where large lobes localised on the SW defect can be clearly observed. As for the 

distribution in the isolated phthalocyanines, the HOMO is located on the isoindole units of CoPc 

and NiPc, exclusively from the carbon atoms, while the contribution of the LUMO in CoPc is 

given only by the metal and in NiPc, the LUMO comes from two isoindole units and two pyrrole 

units. There is also a contribution from the azomethine nitrogen atoms (γ-N).  
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Fig.4. 3. HOMO and LUMO plots (isosurfaces at 0.03 arb.units.) for phtalocyanines (CoPc and NiPc) and Stone -Wales 

defect-containing armchair (ANT) and zigzag (ZNT) nanotube models. The two pentagonal and two heptagonal rings 

forming the SW defect (16 carbon atoms) are highlighted in red. 

 

4.2.2. Hybrids of metal  phthalocyanine and single -walled carbon nanotube 

with a Stone-Wales defect  

The length of nanotube models with a SW defect employed in our calculations is barely 

enough to accommodate one MPc molecule, with its overwhelming part contacting the tubular 

part. We made attempts to use longer models, however this dramatically increased  the 

computational cost and, most importantly, caused serious convergence problems, especially in 

the case of open-shell systems. The choice of spin-restricted versus unrestricted calculations on 

MPc+SWCNT_SW hybrids was based on the spin state of the central metal atom in the MPc 

component, that is, for Ni-containing systems closed-shell calculations were performed, 

whereas those including Co atoms were treated as open-shell systems. 

To analyse the influence of SW defect on different parameters characterising the non-

covalent interactions of a SWCNT with CoPc and NiPc, a comparison was made with the results 

of previous DFT computations on the adsorption of the same phthalocyanines on defect-free 

ANT and ZNT.34 The data obtained are summarised in Table 4. 1, which shows the total 

energies for the separate components and non-covalent hybrids MPc+SWCNT_SW, the 

formation energies ΔE for the hybrids, HOMO, LUMO and HOMO-LUMO gap energies, and 

the Table 4. 3 which lists the shortest M…CSWCNT, N…CSWCNT and CMPc…CSWCNT distances 

between MPc and SWCNT, as well as N-M-N angles in the metal phthalocyanine molecules.  
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4.2.2.1.  Nitrogen-Metal-Nitrogen angles 

The optimised geometries of all of the MPc+SWCNT_SW hybrids considered here exhibit 

the important feature typical for non-covalent hybrids of phthalocyanines with a variety of 

nanotubes, including both cluster19,35 and periodic models13,33,52 of different diameters and 

chirality, studied at different levels of DFT. It consists of strong bending distortion of a usually 

planar macrocyclic ring system occurs in order to increase the area of contact with the nanotube 

sidewall, as illustrated Fig.4. 4. The degree of distortion can be quantitatively interpreted by 

comparing the values of N-M-N angles (diagonally opposite nitrogen atoms of the coordination 

sphere MN4, nitrogen atoms of the isoindole units; Fig.4. 5) in isolated monophthalocyanine, 

which are approximately 179-180°, with those when the macrocycle is adsorbed on single-

walled CNT (Fig.4. 4). One can see that the strongest distortion occurs for both hybrids with 

ZNT_SW-P, where N-M-N angle decreases to 175.6° in CoPc and to 174.2° in NiPc. The 

strong non-covalent interactions between nanotube and the phthalocyanine make the central 

metal atom move slightly towards the nanotube sidewall and out of the macrocyclic plane. This 

behaviour is similar to the one observed for MPc hybrids with defect-free SWCNT models, 34 

including the fact that the distortion is generally greater on a zigzag nanotube.  

 

 

 

 

Fig.4. 4. Optimised geometries for non-covalently hybrids of MPc and single-walled carbon nanotubes with a Stone-Wales 

defect, illustrating bending distortion of the macrocycle ring plane.  
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Fig.4. 5.(a) Structure of an isolated MPc, highlighting the nitrogen atoms of the coordination sphere (MN4) and the nitrogen 

azamethine and (b) representation of the N-M-N angles analysed both in the isolated MPc molecule and on the nanotube 

surface, where N are the diagonally opposite nitrogen atoms (N1-M-N3, N2-M-N4)  

 

4.2.2.2.  Closest contact  

The shortest distance between the metal and carbon atoms of the nanotube defect 

(M…CSWCNT;Table 4. 3) spans from 2.899 Å in CoPc+ANT_SW_T to 3.150 Å in 

NiPc+ZNT_SW-T. Compared to the corresponding distances in hybrids with defect-free 

nanotubes, they tend to increase slightly for ANT_SW-P and ZNT_SW-T (roughly by 0.05-

0.10 Å) and to decrease in the case of ANT_SW-T and ZNT_SW-P (by 0.07-0.12 Å). The 

longest M…CSWCNT distances were found in the hybrids of zigzag model with SW-T defects, 

namely 3.137 Å for CoPc and 3.150 Å for NiPc. The nitrogen atoms forming shortest N…CSWCNT 

distances are those belonging to the MN4 coordination sphere or γ-N atoms (the latter situation 

being more frequent), with separations of 3.035-3.186 and 3.034-3.110 Å, respectively. The 

closest contact between heteroatoms in MPc and single-walled CNT is not always M…CSWCNT: 

in three hybrids (CoPc+ZNT_SW-T, NiPc+ANT_SW-P and NiPc+ZNT_SW-T) of eight, it is 

N…CSWCNT. Furthermore, in half of the hybrids CMPc…CSWCNT turns out to be the shortest 

separation: namely, for CoPc+ANT_SW-P (2.951 Å), CoPc+ZNT_SW-T (2.941 Å), 

NiPc+ANT_SW-P (2.982 Å) and NiPc+ZNT_SW-T (3.007 Å). 

 

4.2.2.3.  Formation energies  

The most important issue we intended to address is how Stone-Wales defect incorporation 

influences the strength of MPc bonding to single-walled CNT. Compared to MPc hybrids with 

defect-free nanotubes,34 ΔE values decrease (that is, bonding strength increases) for three 

hybrids, namely by 0.89kcal/mol for CoPc+ANT_SW-P, by 2.14 kcal/mol for 

CoPc+ANT_SW-T and by 0.39 kcal/mol for NiPc+ZNT_SW-P, (Table 4. 1). An opposite effect 

was found for four hybrids CoPc+ZNT_SW-T, CoPc+ZNT_SW-P, NiPc+ANT_SW-P and 

NiPc+ZNT_SW-T, where ΔE increases by 0.39, 2.1, 0.74 and 0.2 kcal/mol. In the case of 

NiPc+ANT_SW-T the variation is negligible (an increase by 0.01 kcal/mol). In general, the 

binding energy for armchair models is stronger (by 1.25 kcal/mol for CoPc and 0.73 kcal/mol 

for NiPc) with a SW_T defect than with a SW-P defect, in contrast to zigzag nanotubes where 

the interaction with SW-P is stronger (by 1.71 kcal/mol for CoPc and 0.59 kcal/mol for NiPc) 

than with SW_T, similar to the adsorption of metal-free H2Pc on the same nanotube models.19 

In other words, the interaction strength depends on both the single-walled CNT chirality and 

the orientation of the Stone-Wales defect, matching the order of defect formation energies of 
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ANT_SW-P > ANT_SW_T and ZNT_SW-T > ZNT_SW-P (see Sec.4.2.1).  

 

4.2.2.4.  HOMO-LUMO gap energies  

We also analysed the HOMO, LUMO and HOMO-LUMO gap energies (Table 4. 1) as well 

as the corresponding orbital plots (Fig.4. 6). Compared to the gap width calculated for CoPc 

and NiPc with defect-free SWCNT,34 SW defect-containing hybrids exhibit variable behaviour. 

For most (six of eight) hybrids, gap narrowing can be observed, which is the least for 

NiPc+ZNT_SW-T (by 0.008 eV) and the most for CoPc+ANT_SW-P (by 0.333 eV). The two 

exceptions are the hybrids with ZNT_SW-P, where Egap insignificantly increased by 0.014 

(CoPc) and 0.016 eV (NiPc). In terms of the magnitude of the change, the strongest one is found 

for both hybrids with ANT_SW-P, for which the gap energy reduces more than by half: by 0.333 

(CoPc) and 0.332 eV (NiPc). When comparing gap energies for MPc+SCWNT_SW hybrids 

with those of the respective isolated nanotube models, one can see that non-covalent bonding 

with phthalocyanines tends to narrow the HOMO-LUMO gap. The exception is 

NiPc+ANT_SW-T, where Egap increases insignificantly, by 0.001 eV. Regardless of the 

presence of defect, the gap is considerably broader for all hybrids with ANT compared with 

ZNT, matching Egap of the corresponding isolated nanotube models. Further differences 

between them depend more on SW defect orientation, rather than on the central metal atom. 

 

Table 4. 3.The shortest M…CSWCNT, N…CSWCNT and CMPc
…CSWCNT distances (in Å) between MPc and single-walled 

CNT models, as well as N-M-N angles in MPc components, calculated using the PBE GGA functional with Grimme's 

dispersion correction in conjunction with DNP basis set. 

 a For comparison M...CSWCNT values obtained previously for the defect-free structures 34 are presented in parenthesis. 
b The shortest distance N…CSWCNT is formed with one of the γ-N atoms, with the shortest distance N…CSWCNT for the N atom of 
the MN4 coordination sphere is given in parenthesis. 
c The shortest distance N…CSWCNT is formed with the N atom of the MN4 coordination sphere. 
 

System M...C SWCNT (Å) N…CSWCNT (Å) CMPc
…CSWCNT (Å) N-M-N (°) 

CoPc    179.2, 179.3 

NiPc    179.4, 179.8 

CoPc+ANT_SW-P 3.020 (2.969) a 3.050 (3.106) b 2.951 178.4, 179.2 

CoPc+ANT_SW-T 2.899 (2.969) 3.035 c 3.018 179.1, 179.4 

CoPc+ZNT_SW-P 2.951 (3.069) 3.070 (3.091) b 3.042 175.6, 179.4 

CoPc+ZNT_SW-T 3.137 (3.069) 3.034 (3.091) b 2.941 178.1, 178.5 

NiPc+ANT_SW-P 3.141 (3.043) 3.085 (3.186) b 2.982 176.4, 179.8 

NiPc+ANT_SW-T 3.004 (3.043) 3.095 c 3.085 177.2, 177.3 

NiPc+ZNT_SW-P 3.004 (3.106) 3.110 (3.133) b 3.051 174.2, 179.3 

NiPc+ZNT_SW-T 3.150 (3.106) 3.129 c 3.007 177.3, 178.2 
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4.2.2.5.  Distribution of frontier orbital  HOMO and LUMO  

A closely related aspect is the frontier orbital distribution. In CoPc and NiPc hybrids with 

defect-free ANT and ZNT, both HOMO and LUMO are localised mainly on the carbon 

nanotube.34 The presence of  the SW defect gives rise to variation in the HOMO-LUMO 

distribution in all hybrids (Fig.4. 6), but to a different degree, depending on the particular 

system. For most of them, the above pattern with HOMO and LUMO mainly localised on single-

walled CNT remains. Additionally, a variable minor fraction of both orbitals can be found on 

MPc, an effect that is most evident for the HOMO of CoPc+ANT_SW-T. Only the two hybrids 

with ZNT_SW-T exhibit a different behaviour. Here, the HOMO is shifted almost completely 

to the MPc, and the LUMO is localised exclusively (for the given isosurface value of  0.03 

arb.units.) on the nanotube, which corresponds to the most common pattern for non-covalent 

hybrids of porphyrins and phthalocyanines with carbon nanoclusters (nanotubes and 

fullerenes), thus being indicative of weak charge transfer.35,39 

 

Fig.4. 6. HOMO and LUMO plots (isosurfaces at 0.03 arb.units.) for the non-covalent hybrids of CoPc and NiPc with Stone-

Wales defect-containing armchair (ANT) and zigzag (ZNT) nanotube models. 



 

 92 

 Chapter   4 

4.2.2.6.  Spin density 

Finally, for open-shell systems containing paramagnetic CoPc we analysed the spin density 

plots (Fig.4. 7). The parent defect-free hybrids CoPc+ANT and CoPc+ZNT 34 had two very 

different patterns of spin distribution. The ‘typical’ one, in which the unpaired electron density 

is localised exclusively on the central Co atom, was found only on the zigzag nanotube, whereas 

in the armchair nanotube the spin density was totally shifted to the donor nitrogen atoms. In 

the present study, all the hybrids (including ANT-based ones) match the ‘typical’ pattern of 

CoPc+ZNT.34 An additional feature found in CoPc+ANT_SW-P, CoPc+ANT_SW-T and 

CoPc+ZNT_SW-P is the appearance of minor spin lobes on carbon atoms of single-walled CNT 

model, at the site of contact between the interacting units (CoPc+ANT_SW-P and 

CoPc+ANT_SW-T) or even as far from it as at closed nanotube cap (CoPc+ZNT_SW-P). The 

spin density comparison is performed exclusively with the ‘spin-up’ lobes. 

 

Fig.4. 7. Spin density plots (isosurfaces at 0.01 arb.units) for open-shell non-covalently hybrids of CoPc with Stone-Wales 

defect-containing armchair (ANT) and zigzag (ZNT) nanotube models. 

 

4.3. Conclusions 

The main results of this study can be summarised as follows: 

The formation energy of Stone-Wales defect-containing single-walled CNTs depends on the 

defect orientation and the nanotube chirality, decreasing in the order ANT_SW-P (71.02 

kcal/mol) > ZNT_SW-T (63.84 kcal/mol) > ANT_SW_T (49.39 kcal/mol) > ZNT_SW-P 

(33.93 kcal/mol).  
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In all cases HOMO-LUMO gap narrowing is observed for nanotube with the Stone-Wales 

defects. For the nanotubes models with the SW-P defect, the gap energy decreases from 0.648 

(defect-free ANT) and 0.388 eV (defect-free ZNT) to 0.316 and 0.089 eV, respectively; for the 

corresponding nanotubes with SW-T, the decrease is less significant, namely to 0.576 and 0.128 

eV. 

Phthalocyanine molecules on the single-walled carbon nanotubes with Stone-Wales 

undergo strong bending distortion in order to increase the area of their contact with nanotube 

sidewall, like in the case of similar hybrids with defect-free nanotubes. 

Compared to NiPc and CoPc hybrids with defect-free nanotubes, the formation energy ΔE 

decreases (that is, the bonding strength increases) for three hybrids CoPc+ANT_SW-P, 

CoPc+ANT_SW-T and NiPc+ZNT_SW-P, by 0.89, 2.14 and 0.39 kcal/mol. For four hybrids 

CoPc+ZNT_SW-T, CoPc+ZNT_SW-P, NiPc+ANT_SW-P and NiPc+ZNT_SW-T an opposite 

effect was found, where ΔE increases by 0.39, 2.1, 0.74 and 0.2 kcal/mol. In the case of 

NiPc+ANT_SW-T the variation is negligible (an increase by 0.01 kcal/mol). 

For most hybrids, gap narrowing can be observed, which is the smallest for 

NiPc+ZNT_SW-T (by 0.008 eV) and the largest for CoPc+ANT_SW-P (by 0.333 eV), with 

respect to the defect-free systems. For the hybrids with ZNT_SW-P, Egap insignificantly 

increased by 0.014 (CoPc) and 0.016 eV (NiPc). As compared with gap energies of the respective 

isolated nanotube models, non-covalent bonding with phthalocyanines also tends to narrow the 

HOMO-LUMO gap. 
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Abstract  

 

Rare earth double-decker phthalocyanines on the surface of carbon nanotubes have attracted 

significant attention for their magnetic properties. The synthesis of bisphthalocyanines is 

classified into two routes depending on the precursor: synthesis from phthalonitrile and 

metalation of the free or dilithium phthalocyanine. In both options, side products such as free 

base phthalocyanine and in the first route additional PN oligomers are generate . In this chapter, 

four unsubstituted bisphthalocyanines with different rare-earth metals (Y, La, Gd and Tb) were 

synthesised using the solvothermal as a new method. The complexes were purified by 

sublimation yielding 68% for YPc2, 43% for LaPc2, 63% for GdPc2 and 62% for TbPc2. No 

evidence of free-base phthalocyanine was observed after purification by sublimation. Electron 

paramagnetic resonance results show that the phthalocyanines contain a free radical. The 

bisphthalocyanines were adsorbed on single-walled carbon nanotubes by refluxing. Dispersion 

testing, scanning and transmission electron microscopy images suggest that functionalisation of 

carbon nanotubes not only occurs on individual nanotubes but also in agglomerates as well as 

non-covalent functionalisation with transition metal phthalocyanines.  
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5.1. Introduction 

The main synthetic approaches for the preparation of bisphtalocyanines with and without 

substituents can be classified according to the type of precursors involved in their preparation. 

Among the best know are the tetramerization reactions of phthalic acid derivatives, mainly 

phthalonitrile (PN) in the presence of the respective rare earth ions (also called template 

synthesis) and metal insertion reactions into pre-formed macrocyclic systems such as free-base 

phthalocyanine and/or lithium phthalocyanine (Li2Pc). 1–3 

Template synthesis is a simple method, however, its selectivity is very sensitive to reaction 

conditions (see review of the reference 1,2) due to rare earth ions forming stable single, double 

and triple-decker complexes. The most significant reaction parameters are the temperature, time, 

the type of rare earth salt precursor, the type of phthalic acid derivate, and the ratio of reactants. 

Three methods of preparations for this approach have been reported. The first one consists in 

the heating of a mixture of rare earth acetates and phthalonitrile at 250 to 350 °C (thermal 

fusion), the second microwave radiation and the third, condensation reaction by reflux of the 

above mixture in the presence of DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene) as a strong organic 

base and alcohol with a long chain (pentanol and hexanol). 1,2  

The preparation of double-decker phthalocyanines using free-base and lithium 

phthalocyanines with rare earth acetates or acetylacetonates in quinoline, trichlorobenzene 

and/or n-octanol (basic medium) also by reflux and microwave irradiation. This approach has 

the advantage of not forming by-products such as oligomers from phthalonitrile. Both synthesis 

strategies generate free-base phthalocyanine as an impurity and column chromatography and 

sublimation have been implemented as purification alternatives. 1,2  

The selection of a suitable method for the preparation of phthalocyanines is important  for 

their properties and the cost of production. 4 In this context, the solvothermal method has been 

used for the synthesis of single-decker phthalocyanines, since it is an easily operable and 

environmentally friendly method, results in direct transformation into products from reactants, 

and give rise to crystalline structures with particular shapes, and the morphologies of the 

products can be regulated, largely due to the high reactivity of the reagents and the limited 

solubility of the products in the reaction media under high pressure conditions. 4,5 Despite the 

above, there are few single-decker phthalocyanines structures obtained by such a method 4–8 and 

none of rare earth bisphthalocyanines. 

All things considered and emphasising that unsubstituted MPc2 (in this section M denotes 

Y, La, Gd and Tb.) are not commercially available, it was proposed to synthesise rare earth 

bisphthalocyanines of yttrium, lanthanum, gadolinium, and terbium by the solvothermal method 

using acetylacetonates and dilithium phthalocyanine as precursor in toluene (Scheme 5. 1) as a 

new synthesis strategy.  
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The complexes were deposited on the surface of single-walled carbon nanotubes by 

refluxing. The hybrids were characterised by a set of analytical techniques, which are described 

below. The interest in hybrid formation (MPc2+SWCNT) is explained in the Chapters 1 and 6.   

 

 
 

Scheme 5. 1. Synthesis route of rare-earth bisphthalocyanines (MPc2= YPc2, LPc2, TbPc2 and GdPc2) 

 

5.2. Experimental  sect ion  

5.2.1. Materials  

Dilithium phthalocyanines with 70% purity and the rare earth (III) acetylacetonates 

hydrate M(C5H7O2)3 xH2O (M= Y, La, Gd and Tb) such as yttrium, lanthanum, and gadolinium 

acetylacetonate and terbium with 99.9% purity were obtained from Sigma-Aldrich. 

Pristine single-walled carbon nanotubes (>95% purity) synthesized by CVD process were 

purchased from NanoLab, Inc. According to the company’s specifications, the nanotubes are 

approximately 1.5 nm in diameter and 1–5 μm in length. 

 

5.2.2. Solvothermal synthesis of rare earth double -decker 

phthalocyanines  

All rare earth double-decker phthalocyanines were synthesized by the solvothermal 

method. For this purpose, a stainless-steel reactor with a polytetrafluoroethylene (PTFE- 

Teflon) was used. Dilithium phthalocyanine (200 mg) and rare earth acetylacetates (600 mg) 

were used as precursors, mixed in a molar ratio of 1:3 respectively in 60 mL of toluene and 

brought to a temperature of 160 °C in oven for a time of 8 h. The reactor was then allowed to 

cool down to room temperature. The colour of the solution after the reaction turn ed dark green 

and as the solvent evaporated at room temperature the solid began to precipitate and the 

solution turned light green. The solid crude product had a dark blue green to green coloration, 

depending on the metal used. The crude product was washed successively with methanol to 

eliminate the acetylacetates that did not react; every washing included ultrasonic waves, the 
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product acquired a mixture of colour between dark green and purple, which corresponds to the 

presence of free-base phthalocyanines H2Pc. The purification of the different earth rare 

bisphthalocyanines was carried out in a train sublimation system under nitrogen atmosphere at 

350°C during two and three hours to remove the free-base phthalocyanine, which is a by-

product. 

 

5.2.3. Functionalisat io n 

The non-covalent functionalisation of single-walled carbon nanotubes with the four 

synthesized bisphthalocyanines was carried out by refluxing in butanol (50 mL) for 24 hours at 

117 °C with constant stirring. A weigh ratio of 3:4 was used, for example 45 mg of 

bisphthalocyanine and 60 mg of single-walled CNTs. The final product was filtered and dried 

in vacuum at 100°C.   

 

5.3. Results and discussion  

5.3.1. Characterisation of the bisphthalocyanines  

Synthesis of rare earth double-decker phthalocyanines such as yttrium, lanthanide, 

gadolinium, and terbium using metalation of the lithium phthalocyanine has the advantage of 

avoiding unwanted by-products, especially the formation of linear oligomers of phthalonitrile.1 

However, the presence of free-base phthalocyanine as a contaminant is unavoidable.9 The 

removal of H2Pc from the crude product was carried out by sublimation at constant temperature 

of 350°C for two or three hours, depending on the central metal of the MPc2. Table 5. 1 shows 

the yields obtained for each of the bisphthalocyanines: 68% for YPc2, 43% for LaPc2, 63% for 

GdPc2 and 62% for TbPc2, these percentages were calculated based on dilithium phthalocyanine 

which is the limiting reactant. In addition, Table 5. 1 displays the content of H2Pc in the washed 

end product. 

Infrared spectroscopy has been used to analyses the purity of the unsubstituted MPc2, 

especially to detect the free base phthalocyanine and to study its intrinsic features. 9–11 

According to the reported literature,9,10,12–19 Fig.5. 1a exhibits the characteristic vibrational 

modes of phthalocyanine ligands in the four rare-earth double-decker phthalocyanines in the 

region of 500-1800 cm-1. In this range, five main IR absorptions with strong and medium 

intensity are observed in all four spectra. Fig.3. 10a depicts the detailed structure of the MPc2, 

for a better understanding of the vibrational modes present in the infrared and Raman spectra.  

The highest intensity band at 731 cm-1 is attributed to C-H out of plane bending, the 

absorption at 1001cm-1 is assigned to pyrrole N- in plane bending of phthalocyanine ligand, 

vibrational frequency at 1066 cm-1 is due to coupling of isoindole deformation and aza group 

stretching (C=N), the pyrrole and isoindole stretching at 1311 and 1443 cm -1, 

respectively.12,13,19 Another band typical of these complexes and which has weak intensity 

appears at 1117 cm-1 that corresponds to a isoindole breathing mode with small contributions 

from C-H in plane bending. 12,13 Among this group of vibrations, it is noteworthy the absorption 
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of pyrrole stretching at 1311 cm-1  indicates the presence of phthalocyanine monoanion-radical, 

Pc•-, that is, the spectra show that these double-decker phthalocyanines have one unpaired 

electron in one of the tetrapyrrole rings. 10,12,13 A band around 1329 cm-1 is related to the 

presence of dianionic phthalocyanine ligands, ([MPc2]
−), the absence of this band in the spectra 

of the rare earth bisphthalocyanines (Fig.5. 1a) is also an argument in favour of the 

delocalization of the unpaired electron over both phthalocyanine rings.18 On the other hand, the 

vibrational mode of isoindole, pyrrole deformation and aza stretching contribution are also 

reflected with the weak bands at 874 and 1500 cm -1. The other weak bands that appear from 

500 to 1000 cm-1 represent Pc ligand breathing and the vibration of C-H out of the plane, 

whereas the C-H in plane bending is found from 1000 to 1300 cm -1.12,13 The vibrations in the 

region from 1344 to 1479 cm-1 are attributed to isoindole stretching and from 1537 to 1599 cm -

1 are assigned to benzene stretching. 12,13 A set of bands at 3022-3271 cm-1 is due to aromatic 

C-H stretching in the phthalocyanine rings. 12,13  

Comparing the infrared spectrum of each of the bisphthalocyanines with the infrared 

spectrum of the free base phthalocyanine, it can be deduced that its presence is minimal as an 

impurity since significant differences are observed in the region from 1000 to 1600 cm -1, 

especially the presence of the band 1311 cm -1 typical of the neutral rare-earth 

bispthalocyanines. 10,12,13 The slight differences of the FITR spectra analysed from 

bisphthalocyanines powder form and the reported spectra are due to several random factors 

such as sample preparation, most of the spectra were obtained from MPc2 in thin films 14,16 and 

KBr pellets 11,12,15,16, molecular orientation and the direction of the incident light.16 Despite this, 

the results showed that the synthesized compounds were consistent with the expected target 

products. This was also verified by the elemental analysis of each product (Table 5. 1), which 

indicated that the mass percentages correspond satisfactorily to the four earth-rare 

bispthalocyanines: YPc2, LaPc2, GdPc2 and TbPc2. 

 

Table 5. 1. Yield, elemental analysis of the rare earth double-decker phthalocyanine and amount of free-base 

phthalocyanine present in the end product and elemental analysis.  

MPc2 

complexes 

Yield 

(%) a 

H2Pc 

(%) b 

Elemental analysis (%) 

C H N M 

YPc2 68.1 5.0 69.37 

(69.00) c 

2.92 

(2.89) 

20.17 

(20.12) 

7.54  

(7.98) 

LaPc2 43.0 33.6 66.09 

(66.04) 

2.69 

(2.65) 

19.28 

(19.25) 

12.04 

(11.93) 

GdPc2 63.1 16.7 65.08 

(65.04) 

 2.80 

(2.73) 

19.53 

(18.96) 

12.64 

(13.3) 

TbPc2 61.8 18.3 65.44 

(64.92) 

 2.98 

(2.72) 

18.96 

(18.93) 

12.63 

(13.4) 
a calculated from the Li2Pc (limiting reactant) 
b calculated from the washed end product. 
c theoretical percentage 
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As can be expected, the Raman spectra of the bisphthalocyanines at room temperature show 

characteristic Raman shifts for typical rare-earth double-decker phthalocyanines (Fig.5. 1b). 

For MPc2, the weak medium and strong intensity bands at 476-807 cm-1 are assigned to 

phthalocyanine breathing, except for the medium band at 736-740 cm-1, that is due to aromatic 

phthalocyanine C-H wagging. There are several bands with different intensity in the range of 

900 to 1300 cm-1, which are attributed to aromatic C-H bending. The band around 1141-1145 

cm-1 and 1536-1544 cm-1 represent the pyrrole breathing. Raman bands in the range of 1350-

1600 cm-1 originate from isoindole ring stretching vibrations and the aza group stretching. The 

bands between 1420-1425 cm-1  and 1448-1453 cm-1 are typical of isoindole stretching.12,13,20–

22 

The electronic absorption spectra of the four bisphthalocyanines were recorded in DMF 

and DMSO. The spectra exhibit two main characteristic bands of the phthalocyanines 

compounds, the Q and B or Soret bands of Pcs. 18,23,24 The absorption of the Q band resulting 

from π(a1u)-π*(eg) HOMO-LUMO transition that originates from electronic charge transfer 

from the pyrrole skeleton to the condensed benzene rings of Pc ligands 18,23 was observed 

between 662 nm (LaPc2. GdPc2 and TbPc2 in DMF) and 667 nm (GdPc2 in DMSO) in both 

solvents (see Table 5. 2). This band is identified in the spectra as the maximum absorption (λmax) 

as displayed in the Fig.5. 2 . Differences in absorption wavelength are negligible between polar 

aprotic solvents and the small hypochromic shift of the Q-band is due to the decrease in the ionic 

radii of the rare earth cations in the case of dimethylformamide solvent. 18,24 

Table 5. 2. Position of the B (Soret) and Q bands (λmax, nm) in the UV-Vis spectra of double-decker 

phthalocyanines, MPc2 (M = Y, La, Gd and Tb) in N, N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) 

Phthalocyanines Solvent 
Absorption (nm) 

Q band B-band Radical 

YPc2 
DMF 665 603 333 -- 

DMSO 665 -- 333 448 

LaPc2 
DMF 662 599 328 -- 

DMSO 665 602 328 448 

GdPc2 
DMF 662 599 329 -- 

DMSO 667 602 328 446 

TbPc2 
DMF 662 599 328 -- 

DMSO 665 601 326 -- 
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Fig.5. 1.(a) Infrared and (b) Raman spectra of free-base and rare earth double-decker phthalocyanines. 

 

On the other hand, the Q-band of phthalocyanines presents a small shoulder peak near 599 

nm for the lanthanide bispthalocyanines (LnPc2) and 603 nm for YPc2 in DMF. In dimethyl 

sulfoxide this band is only observed for LnPc2 at 601-602 nm. It has been reported that the Q-

band splitting indicates that these compounds have a strong tendency to aggregate between the 

phthalocyanines rings. 18,24 The B band that corresponds to an additional π (a2u)-π*(eg) 

transition is produced by a redistribution of the electronic density. It provokes an increase in 

electron density in correspondence with the bridging atoms of the azamethine group 18,23 and is 

localized between at 333 nm (YPc2 in DMF and DMSO) and 329 nm for (GdPc2 in DMF) in 

DMF and DMSO (Table 5. 2). 
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Fig.5. 2. UV-visible spectra of rare earth of bisphthalocyanines in (a) dimetylformamide and (b) dimethyl sulfoxide 

 

One of the additional features in the spectrum of the double-decker phthalocyanines is the 

band around 450 nm, which appears as a result of electron delocalisation between two aromatic 

systems in the neutral-radical form of the metal complex. 23,25,26 This band can be visualised in 

the spectra of yttrium, gadolinium, and terbium bisphthalocyanines from the dimethyl sulfoxide 

solutions (Fig.5. 2b and Table 5. 2). The absence of this band in the spectra obtained from the 

dimethylformamide solutions can be attributed to a possible reduction of the [MPc 2]•- complex 

to[MPc2]
− by the amine impurities that are often present in reagent grade DMF.18 This would 

explain the colour difference between DMSO and DMF with the four double-decker 

phthalocyanines solutions. Fig.5. 3 illustrates that the DMF solutions acquired a blue-green 

colour corresponding to a mixture of the anionic and the neutral form of bisphthalocyanines . 

The dimethyl sulfoxide solutions have a dark and light green colour typical of a neutral 

form.18,23,27,28 Therefore, it can be deduced, together with the infrared spectra, that the 

bisphthalocyanines obtained by the solvothermal method are monoanionic neutral radical 

([MPc2]•-). 
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Fig.5. 3. Colorations of the solutions of rare earth of bisphthalocyanine in dimetylformamide (DMF) and dimethyl sulfoxide 

(DMSO). 

 

It is important to mention that the optical properties of phthalocyanines are not considered 

an intrinsic property, because they depend on the chemical environment such as the type of 

solvent and its interaction with rare-earth metal complexes. Hence, some discrepancies can be 

found between spectra of MPc2 complexes reported from thin films, solution, and solid 

pellets.14-19,23-27,29,30 14–16,18,19,23–27,29,30 

The presence of an unpaired electron (free radical) in one of Pc ligands of the 

bisphthalocyanines is confirmed by EPR (Fig.5. 4). The spectra of all the powder complexes 

studied here show a strong and sharp isotropic Landé signal around g-factor of 2.0 with a peak-

to peak linewidth of 0.2 mT, which is attributed to the 1/2 spin radical. This result showed the 

formation and the paramagnetic nature of the rare earth sandwich structures. 14,19,31 

The thermal stability of the four bisphthalocyanines was determined simultaneously by 

thermogravimetric analysis and differential thermal analysis. Fig.5. 5 displays that all the MPc2 

reveal similar behaviour upon heating and that the TGA curves were in good agreement with 

the DTA. The first weight loss is attributed to moisture and the second loss is attributed to the 

oxidative pyrolysis of the double decker which is generated in two main exothermic events. The 

initial decomposition temperature of YPc2, LaPc2, GdPc2 and TbPc2 is at 355, 353, 359 and 

356 °C, respectively. The second event coincides with the maximum temperature of the DTA 

curves and the final temperature is between 505 and 517 °C, illustrating that it is the strong 

conjugation within the macrocyclic ligand itself that governs the stability phthalocyanine 

compounds, that determines that of the  the transition metal phthalocyanines and H2Pc. 32 
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Fig.5. 4. EPR spectra of the four rare earth double-decker phthalocyanines: YPc2, LaPc2, GdPc2 and TbPc2 at room 

temperature. 
 

Fig.5. 5. TGA (Black) and DTA (blue) curves of rare-earth double-decker phthalocyanines: YPc2, LaPc2, GdPc2 and TbPc2. Air 

flow100 mLmin-1 



 

 108 

 Chapter   5 

Fig.5. 6 exhibits the SEM images at different magnifications of the bisphthalocyanines 

(Fig.5. 6 a-c for YPc2, Fig.5. 6d-f for LaPc2, Fig.5. 6g-i for GdPc2 and Fig.5. 6j-l for TbPc2). The 

images reveal agglomerated and stacked crystallites with a microstructure in laminar shape 

(sheet) with rectangular and/or square geometry (Fig.5. 6e,f,i,l). The images also confirm the 

absence of free-base phthalocyanines, needle-shaped crystals (Fig.5. 6m-o; SEM image for 

commercial H2Pc). 

 

 

Fig.5. 6. Representative SEM images at different magnificationfor for (a-c) YPc2, (d-f) LaPc2, (g-i) GdPc2, (j-l) and TbPc2 and 

(m-o) commercial free-base phthalocyanine. Scale bars: (a,d,g,j,m) 100 μm, (b,e,h,k,n) 20 μm and (c,f,i,l,o) 5 μm. 
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5.3.2. Deposition of MPc 2  on the surface of single-walled carbon 

nanotubes  

The percentage content of rare earth double-decker phthalocyanines on functionalised 

carbon nanotubes was estimated from the weight difference before and after reflux treatment of 

SWCNTs, as a direct method. It was calculated as 28.7% for YPc2, 26.4% for LaPc2, 30.6% for 

GdPc2 and 25.9% for TbPc2. 

The dispersion test of the pristine and functionalised nanotubes with the four rare earth 

bisphthalocyanines was performed in two solvents: ethanol and isopropanol (see Fig.5. 7). The 

dispersibility test was used as simple evidence of changes in the chemical nature of th e pristine 

nanotube surface. Fig.5. 7 displays that the pristine nanotubes have higher dispersibility in 

isopropanol. After one hour of being treated in an ultrasonic bath, the nanotubes precipitate 

indicating that their stability in both solvents is low.  

The functionalised nanotubes show different behaviour depending on the polarity of the 

solvent and the coordination metal of the bisphthalocyanines. In polar solvents such as ethanol, 

the hybrid with terbium bisphthalocyanine dispersion is homogeneous and higher in contrast 

to its analogues and pristine CNTs. The dispersion of the pristine and modified nanotubes is in 

spongy agglomerates, except for the nanotubes with LaPc2 which has fine "particles". As for the 

dispersion in isopropanol, a slightly polar solvent, it is observed that the dispersion decreases 

for hybrids with yttrium bisphthalocyanine, while those with LaPc2, GdPc2 and TbPc2 maintain 

a similar performance. Additionally, the size of the agglomerates decreases, making them less 

spongy.  

The stability of the functionalised dispersions is the same in both solvents, immediately after 

the ultrasound treatment, the MPc2+SWCNT hybrids start to precipitate and after one hour 

most of the product is at the bottom of the vial, nonetheless the stability is better than that of the 

pristine nanotubes. The instability is related to the presence of conjugated aromatic systems 

such as phthalocyanines that enable π-π interaction with other neighbouring nanotubes, 

causing them to "stick" to each other and form agglomerates of larger particles that eventually 

precipitate.33 

Infrared and UV-visible spectroscopy were carried out to verify the presence of the double-

decker phthalocyanines on the functionalised nanotubes. The spectra of the carbon nanotubes 

do not show any signal. The infrared spectra of the nanotubes treated in reflux with the four 

bisphthalocyanines and each of the individual components are compared in Fig.5. 8a. The 

presence of five signals can be identified at low intensity that are located at 727-728 (C-H out 

of plane bending), 999 (N-pyrrole in plane bending of phthalocyanine ligand), 1065 (coupling 

of isoindole deformation and aza stretching), 1310 (pyrrole stretching) and 1441 cm-1 

(isoindole stretching). These correspond to signals typical of bisphthalocyanines (see section 

5.3.1). The absence of other signals indicates that no new bonds are formed after the 

functionalisation process. 
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Fig.5. 7. Comparative dispersibility test (1 mg of each sample per 2 mL of solvent) in ethanol and isopropanol for (a)  

pristine single-walled carbon nanotubes and after functionalization with (b) YPc 2, (c) LaPc2, (d) GdPc2 and (e) TbPc2. 

Images were taken at elapsed time of 0 and 1 h after ultrasonic bath treatment for 10 min.  

 

The absorption spectra of the MPc2+SWCNT hybrids (Fig.5. 8b) in DMF show the Q-band 

located at 668, 663, 665 and 662 nm for the nanotubes with YPc2, LaPc2, GdPc2 and TbPc2, 

respectively. The negligible shift compared to bisphthalocyanines could be attributed to the new 

chemical environment involving the π- π interaction with the nanotubes. As in the 3d metal 

phthalocyanines with the SWCNT spectra (Chapter 3), the IR and Uv-Visible spectra are 

dominated by the nanomaterial background. 

The characterisation of the morphology of the pristine nanotubes and the MPc2+SWCNT 

hybrids was studied at high magnification by SEM. Fig.5. 9a illustrates that the pristine carbon 

nanotubes are found in dense bundles (visible as wide entangled fibres) and aggregates, a typical 

characteristic of this material, due to their nature (π-π interaction between the graphitic lattice 

of the nanotubes). As for the nanotubes with the bisphthalocyanines (Fig.5. 9b-e), there are no 

drastic changes in morphology, but more aggregation of the bundles is observed. On the other 

hand, in the SEM images of the functionalised nanotubes with the MPc2 there is no evidence of 

bisphthalocyanine crystals, which may confirm their adsorption on the surface of the nanotubes. 

This can be attributed to two phenomena: (i) stacking interactions between the adsorbed 

bisphthalocyanines on neighbouring bundles and (ii) interaction of the sandwiched structures 

with the nanotubes is not strong enough to break the sidewall interactions that hold the 

nanotubes together in aggregates or agglomerates. This give rise to the possibility that the 

adsorption of the double-decker phthalocyanines is on the outer surface of the aggregates rather 

than individual nanotubes, which is in agreement with the results of the dispersion tests. This 

behaviour was reported for the hybridisation of transition metals phthalocyanines (Chapter 3) 

and with metal porphyrins.34,35 
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Fig.5. 8. (a) Infrared and (b) UV-visible spectra of rare earth bisphthalocyanines with single-walled carbon nanotubes 

(MPc2+SWCNT) in comparison with the spectra of pristine single-walled CNT and bisphthalocyanines acquired under the same 

conditions. The UV-vis spectra were measured in dimetilformamide. The infrared spectra were of pure powder samples. 

 

Fig.5. 10 presents the elemental analysis obtained by EDS. The spectra of the pristine 

single-walled CNTs exhibit the peak of carbon as the main component and oxygen as a possible 

component from functional groups attached to the nanotube. In the spectra of the functionalised 

nanotubes, additional nitrogen and metal signals are observed for each complex of YPc 2, LaPc2, 

GdPc2 and TbPc2. In each EDS spectrum, the range of content, in weight and atomic percentage 

of the metal corresponding to the bisphthalocyanine (yttrium, lanthanum, gadolinium and 

terbium) obtained from 7 different sites of each sample is specified. The recalculated values for 

the total molecular weight of the metal phthalocyanines from the weight percentages are 5-60%, 

2- 60%, 4-41% and 5-36% for YPc2+SWCNT, LaPc2+SWCNT, GdPc2+SWCNT and 

TbPc2+SWCNT, respectively. These values are less precise (measurement spot size is 3x3μm), 

but generally agree with the weight content of the phthalocyanine in the MPc2+SWCNT hybrids 

estimated from the weight differences of the single-walled CNTs before and after of MPc2 
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deposition. Furthermore, Fig.5. 9 reveals the elemental mapping specifically of the metal for 

each hybrid formed, indicating that there is a homogeneous distribution. 

The morphology of the nanotubes before and after reflux treatment can be seen in detail in 

the TEM images. In Fig.5. 11a, as well as the SEM images, the pristine single-walled carbon 

nanotubes are in bundles and their surface appears to be smooth and uniform. While thesurface 

of the bundle of the functionalised nanotubes is coated with an amorphous structure (Fig.5. 

11b-e), which generates a rough surface. Such morphology indicates that the rare earth 

bisphthalocyanines were deposited on the surface of the nanotubes. 

Free radical (Pc-) neutral rare earth bisphthalocyanines [M3+(Pc-2) (Pc•-)] are ideal 

candidates for applications in spintronic devices, because they possess large magnetic 

anisotropies, which generate high activation barriers for the reversal of magnetization (420 cm -

1 to 652 cm-1), depending on the substituents and the metal).17,36 However, this property can 

be influenced by oxidation or reduction of the Pc ligands (MPc2+/-/; oxidation states also have 

been shown to possess SMM properties at low bulk temperatures). 36–38 Possible changes can 

be evaluated by EPR, e.g., lutetium fluorinated bisphthalocaynines (fluorine instead of hydrogen 

atoms) with oxidation states +1 and -1((M3+(Pc•-) (Pc•-) and M3+(Pc-2) (Pc-2), respectively) are 

EPR-silent species. 36 Usually the radical neutral bisphthalocyanines have a non-reducing metal 

centre and their first reduction is the most common and is influenced by the type of solvent used 

(reducing agent, see Fig.5. 3).17 In view of the above, electron paramagnetic resonance 

experiments were performed to confirm that the deposition process on the nanotubes and/or 

bundle by butanol reflux does not affect the radical neutral electronic structure of the double -

decker. Fig.5. 12 shows the first derivative of the characteristic magnetic absorption of the 

radical species with an approximate g -factor of 2 and an approximate linewidth of 0.2 mT. The 

experiments were performed on powder in a mixture of BaSO4.  

According to the TGA/DTA results (Fig.5. 13), the thermal decomposition of pristine 

single-walled carbon nanotubes occurs in three steps. The first loss between 30 and 102°C 

corresponds to water molecules physisorbed onto the material. The second change around 

391°C is due to multi-walled carbon nanotubes that are present as impurities that form during 

the single walled synthesis process, whose thermal behaviour is represented in the last event at 

544°C and ends at 709°C.39,40 The multi-walled were detected by TEM imaging (Fig.5. 11a). 

The 7.9 % residue is assigned to the metal catalyst particles used in the manufacturing process. 

The percentage provided by TGA of multi-walled nanotubes (around 48%) present in the 

commercial single samples (42%) does not indicate that they are in the same proportion, as the 

molecular weight of the multi-walled nanotubes is much higher than the single-walled carbon 

nanotubes. DTA curves indicate that the oxidative decomposition is an exothermic process.  
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Fig.5. 9. SEM images of (a) pristine single-walled CNTs and with the four rare earth double-decker phthalocyanines (b) YPc2, 

(c) LaPc2 (d) GdPc2 and (e) TbPc2. Bottom row elemental mapping of the MPc2+SWCNT hybrids. 

 

 

 
Fig.5. 10. EDS spectra of (a) pristine single-walled CNTs and with the four rare earth double-decker phthalocyanines (b) YPc2, 

(c) LaPc2 (d) GdPc2 and (e) TbPc2. Bottom row elemental mapping of the MPc2+SWCNT hybrids 
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Fig.5. 11. Representative TEM images of (a) pristine single-walled CNTs before and after noncovalent functionalisartion 

with (b) YPc2, (c) LaPc2, (d) GdPc2 and (e) TbPc2 

 

Concerning the thermal behaviour of the nanotube and bisphthalocyanine hybrids, the 

thermograms reveal four thermal events. The first one corresponds to moisture and impurities 

and in general the other remaining events have been attributed to the oxidative decomposition 

of MPc2+SWCNT hybrids. The weight loss around 300 and 460 °C is not only attributed to 

multi-walled nanotubes but also to the decomposition of bisphthalocyanines and the third ramp 

or mass change is assigned to the oxidative decomposition of the single-walled carbon 

nanotubes. It can be seen in Fig.5. 13 that the start and end temperature of thermal degradation 

of the latter is lower than that of the pristine nanotubes and even coincides with the 
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decomposition temperatures of the double-decker (Fig.5. 5). One of the possible reasons for this 

phenomenon is simultaneous formation of rare earth oxides during the degradation process  of 

the bisphthalocyanines present on the surface of the nanotubes. These could act as catalysts in 

the thermal oxidation of the graphitic material and as a consequence decrease the temperature . 

This can be explained by the Mars and van Krevelen (MvK) mechanism, which is based on the 

cyclic reduction-oxidation (Redox) reactions of the active sites. .41–43 Transition metal oxides 

and rare earth oxides are known to be active catalysts for the oxidation of carbon compounds 

(hydrocarbons, 44 CO 45 and aldehydes,46 specifically), which includes graphene lattice 

materials. Such catalytic activity is due to the ease of switching between the oxidation states of 

the metal, an essential feature for MvK.41–43 

In contrast to the thermal decomposition of 3d metal transition phthalocyanines with the 

nanotubes, especially the hybrid with manganese phthalocyanine (Chapter 3), another factor to 

consider is the presence of free radicals coming from the double-decker phthalocyanine 

structure which can jointly contribute to the thermal decomposition of the nanotubes. 

Estimating the content of bisphthalocyanines in the hybrids by thermal analysis is a complex 

task. On the other hand, the DTA curves indicate that the thermal oxidation process is 

exothermic (Fig.5. 13). 

 

5.4. Conclusions  

Unsubstituted bisphthalocyanines of yttrium, lanthanum, gadolinium, and terbium were 

synthesized by a solvothermal method as an alternative approach to conventional synthesis in 

which the precursor is usually phthalonitrile. Yields of 68% for YPc2, 43% for LaPc2, 63% for 

GdPc2 and 62% for TbPc2 were obtained. From EPR results, the bisphthalocyanines contain a 

dianionic and a monoanionic radial [M3+(Pc2-) (Pc •-)] ligand. The decomposition of the earth 

rare double-decker phthalocyanines starts around 350°C. The coordination complexes were 

identified by infrared, UV-visible and Raman spectroscopy, and elemental analysis.  

Single-walled carbon nanotubes were covalently functionalised with the four 

bisphthalocyanines synthesised by refluxing in butanol. SEM and TEM images show that 

adsorption of MPc2 can not only occur on individual nanotubes but also on agglomerates. The 

bisphthalocyanine radical remains after functionalisation. Thermal oxidation of the hybrids 

starts and ends at around 300°C and 650°C. Lower temperatures compared to the pristine ones 

suggest that the oxidation of nanotubes and phthalocyanines is affected by catalytic processes 

involving the coordination metal, as well as the MnPc+CNT hybrid (Chapter 2). The dispersion 

of the hybrids depends on the polarity of the solvent and the metal. 
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 Fig.5. 12. EPR spectra of the four rare earth double-decker phthalocyanines on the surface of carbon nanotubes 

(MPc2+SWCNT) at room temperature.. 
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Fig.5. 13. TGA (Black) and DTA (blue) curves of pristine single-walled CNTs and MPc2+SWCNT hybrids obtained: 

YPc2+SWCNT, LaPc2+SWCNT, GdPc2+SWCNT and TbPc2+SWCNT. Air flow100 mLmin-1 
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Abstract   
 

Molecular modelling of carbon nanotubes and rare earth double-decker phthalocyanines 

hybrids is challenging due to the presence of 4f-electrons. In this chapter a calculation 

methodology is proposed using basis sets of the Dmol3 of Material Studio software to analyse 

trends in structural changes and some electronic properties when a rare earth (Y, La, Gd and 

Lu) bisphthalocyanine molecule is adsorbed on the surface of two single-walled carbon 

nanotube models: armchair and zigzag. Density functional theory showed that the height of 

bisphthalocyanines complexes (MPc2) when adsorbed on a nanotube (MPc2+SWCNT) is the 

structural feature which is most affected by the nanotube model. The formation energy of the 

MPc2+SWCNT hybrid depends on the metal atom and the nanotube chirality. YPc2, LaPc2 and 

LuPc2 bind stronger to the zigzag nanotube, while for GdPc2, bonding to the armchair nanotube 

is the stronger one. The HOMO-LUMO gap energy (Egap) shows a correlation between the 

nature of lanthanide and the nanotube chirality. In the case of adsorption on  an armchair 

nanotube, Egap tends to match the gap of the isolated MPc2, whereas for adsorption on a zigzag 

nanotube it is closer to the value for the isolated nanotube model. The spin density is localized 

on the Pcs ligands, when the bispthalocyanine is on the surface of the armchair nanotube. For 

bonding to the zigzag nanotube, it extends over both components, except for LaPc2+ZNT where 

only the spin density is on the nanotube.  
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6.1. Introduction  

Rare-earth double-decker phthalocyanines have attracted great interest due to their 

remarkable electronic and optical properties, and especially because of their single -molecule 

magnet (SMM) behaviour. In fact, they show a large magnetic anisotropy, slow relaxation of the 

magnetic moment and quantum tunnelling of magnetisation, which makes them promising 

candidates for applications in spintronics and quantum computing. These molecular quantum 

magnets offer the spin degree of freedom that can be used to control charge transport in 

conducting systems 1,2. 

The self-assembly of bisphthalocyanines on different surfaces has been proposed for the 

enhancement of magnetic properties, for example, their deposition suggests the survival of a 

large spin magnetic moment of the rare-earth metal centre 3. Bisphthalocyanines have been 

deposited onto the surfaces of copper (111) 3, gold (111) 4–7, nickel 8,9, glass 10 and carbon 

nanomaterials such as graphene 2,11, highly oriented pyrolytic graphite 12 and carbon nanotubes 
1,13–17. Unfortunately, the properties of SMM films usually change depending on the noble metal 

and ferromagnetic substrates or the fabrication conditions. The substrate temperature and 

deposition rate affect the thermodynamics and kinetics for the growth of organic films 10. 

In view of their inclusion in spintronic devices, hybrids of MPc2 with carbon nanomaterials 

such as graphene and carbon nanotubes have received special attention, since there the weak 

spin-orbit coupling is expected to result in long spin coherence lifetimes and lengths. 2In the 

case of carbon nanotubes, the noncovalent interaction with rare-earth double-decker 

phthalocyanines through π-π stacking is a way to improve the magnetic measurements and 

bistability of SMM because the main magnetic properties of rare-earth metal centre are 

preserved 13.  

Considering the reported DFT studies of the metal phthalocyanines interaction with a 

fullerene and carbon nanotube (including Chapter 4 of this dissertation) the important general 

conclusion is that the usually planar macrocyclic ring system of MPc suffers a strong bending 

distortion in order to increase its contact area with the endohedral fullerene Sc3N@C80 18 or 

graphene with defects 19,20 or the nanotube sidewall. 21–25 Hence, several questions arise 

regarding the behaviour of double-decker phthalocyanine analogues. Does their deposition onto 

the nanotube sidewalls alter their geometry? If there is distortion, how significant is it? Are both 

Pc ligands affected, and in the same way? Are electronic parameters (for example, HOMO, 

LUMO and spin density distribution) altered compared to that of isolated MPc 2 complexes? 

Moreover, what is the influence of the f-electrons of the lanthanide core metal of 

bisphthalocyanines on the properties of the MPc2+SWCNT hybrid? 

Before answering these questions, it should be noted that the geometry optimisations, 

energetic and electronic characteristics of MPc2+SWCNT hybrids is much more 

computationally demanding than the corresponding calculations for a 3d transition metal 

phthalocyanine adsorbed on a SWCNT, for three reasons. Firstly, a second heavy C32H16N8 

ligand unit is added to the model; secondly, rare-earth metal atoms have a considerably larger 
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number of electrons compared to 3d transition metals; and thirdly, the calculations must be 

spin-polarized. Besides that, the systems of major interest, which have especially pronounced 

magnetic properties, are those incorporating central lanthanides (Eu, Gd and Tb). However, the 

presence of f-electrons implies the existence of a series of almost degenerate states, dramatically 

complicating self-consistence field (SCF) convergence, not only for these lanthanides, but also 

for other lanthanides from Ce to Lu. Unless the inclusion of f-electron containing lanthanides is 

critical, a feasible solution capable of providing an insight as regards to the conformational 

changes in question is the substitution of Ce–Lu atoms with rare earth elements, which do not 

have f-electrons, such as yttrium(III) and lanthanum(III) 26 

With the above considerations in mind, a DFT analysis of the changes in geometry and some 

electronic properties of yttrium, lanthanum, gadolinium, and lutetium bisphthalocyanines 

(MPc2 with M= Y, La, Gd and Lu) when forming non-covalent hybrids with two SWCNT models 

of different chirality (armchair and zigzag) was performed in the study presented in this chapter.  

 
6.2. Results and discussion  

6.2.1. Structural  characterist ics  

To proceed with DFT studies of non-covalent hybrids of double decker phthalocyanines 

with carbon nanomaterials, it was crucial to optimise the calculation conditions to provide 

optimised structures of the bisphthalocynines, as close as possible to the ones obtained 

experimentally by X-ray diffraction. As representative bisphthalocyanines, species with a totally 

empty (LaPc2, electronic configuration [Xe]4f 0), a half-filled (GdPc2, [Xe]4f 7) and a totally filled 

(LuPc2, [Xe]4f 14) 4f shell, as well as an incomplete 4d-shell (YPc2 electron configuration 

[Kr]4d15s2) were considered (Fig.6. 1). Structures calculated with DFT were compared with the 

following crystal-line phases of the complexes: YPc2, γ-phase;6 LaPc2, α-phase;27GdPc2, δ-

phase27 and LuPc2, a solvate phase.28 

The geometry of the isolated YPc2 molecule, armchair and zigzag carbon nanotubes models, 

and their hybrids were optimised by the PBE-D functional in conjunction with all three double 

numerical basis sets available in the DMol3 module DN, DND and DNP for comparison and to 

determine if there is an influence of the size of the basis sets. While for this system, no SCF 

convergence problems were expected when employing the largest basis set, the one in DNP, 

these problems arose in the case of other rare-earth phthalocyanines (in particular for central 

lanthanides having several unpaired f-electrons). In other word, the larger DNP and DND basis 

sets (having polarization functions) were found not to be the best choice for the above purpose, 

due to (often) unresolvable SCF problems and distorted lanthanides double-decker 

phthalocyanine geometries (represented by LaPc2, GdPc2 and LuPc2), for example, an eclipsed 

conformation (Fig.6. 2) instead of the typical staggered one (Fig.6. 1).29 Only the use of a smaller 

DN basis set helped to complete computations for all lanthanides from La to Lu, as well as to 

obtain reasonable LnPc2 geometries (see reference 29 for details).  

Therefore, to achieve the main goal, the analysis of the structural changes and electronic 
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properties of LnPc2 phthalocyanines in non-covalently bonded LnPc2+SWCNT hybrids, the DN 

basis set along with the PBE-D2 functional was employed. Moreover, thermal smearing with a 

value of 0.0001 Ha was used, this value is very low (equivalent temperature of 31.6 K), but it 

was impossible to complete the geometry optimization of LnPc2+SWCNT hybrids without 

thermal smearing (Fermi occupancy). The latter is a computational tool that facilitates 

convergence to achieve meaningful results, especially for systems containing f-elements where a 

significant number of highly degenerate states close to the Fermi level,  dramatically complicates 

SCF convergence (or simply make it impossible). This applies to all Ln species with partially 

filled 4f orbitals., as explained in detail elsewhere. 30–32.  

As regards the nanotube models, those described in Chapter 4 were used to simulate yttrium 

bisphthalocyanine hybrids (Fig.6. 3a). Table 6. 1 lists the diameter and length of the models 

optimised by all three basis sets. The values obtained when the DN basis set is used are 

insignificantly larger, while with DND and DNP basis sets essentially identical values are 

obtained. In particular, when computed with the DNP basis set, the diameter and length for ANT 

are 7.060 and 14.123 Å, respectively, and for ZNT, 7.965 and 14.293 Å. For the lanthanide 

double-decker phthalocyanines hybrids, it was decided to build slightly longer and larger 

diameter ANT and ZNT models, which are composed of 180 carbon atoms with 8.23 and 7.67 

Å diameter and 17.05 and 18.60 Å length, respectively, whose ends are capped with fullerene 

hemispheres (denoted with * in order to differentiate them: ANT* and ZNT*; Fig.6. 3b).  

 

 

 

 

Fig.6. 1. Comparison of DFT-optimised and XRD-derived 6,27,28 structures (side views) for the four rare-earth double-decker 

phthalocyanines (MPc2; M= Y, La, Gd and Lu). The optimised geometry of YPc2 complexes was obtained by DNP with Fermi 

occupancy (same structure for DND and DN), while for LaPc2, GdPc2 and LuPc2 the DN basis set was used with thermal 

smearing (0.0001 Ha). It displays size (i.e., width), height and rotation angle (φ) between the two Pc macrocycles (staggered 

structure) for each complex. Atom colours: gray, carbon; white, hydrogen; deep blue, nitrogen; light blue, yttrium, sky blue, 

lanthanum, blue turquoise blue, gadolinium; green, terbium.  
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Fig.6. 2. Optimized geometries for lanthanum double-decker phthalocyanine by DND and DNP basis set using Fermi 

occupancy. Semi-eclipsed structure.  

To compare with experimental data and to evaluate the distortion for each MPc 2 in the 

isolated and the adsorbed state in MPc2+SWCNT hybrids (Table 6. 2 for YPc2 and Table 6. 3 

for LnPc2) we used several structural parameters: the rotation angle between the two Pc ligands 

(skew angle; φ), the molecular size (width), height, the N-M distance, and the N-M-N angles. 

Most of these parameters vary within the same molecule, so we usually present the value as a 

range. 

 

6.2.1.1.  Rotation angle (φ)  

As most unsubstituted double-decker phthalocyanines, the ones studied in this PhD project 

are characterized by a staggered structure (Fig.6. 1), where the mutual rotation angle (φ) 

between Pc ligands approaches 45°. 29,33 Such a staggered conformation of MPc2 reduces the 

overlap between the two electronic clouds and the electrostatic repulsion, leading to a D 4h 

geometry as a result of the Jahn-Teller effect, which forces the molecule to have a less symmetric 

stable state. 34 The corresponding optimised φ values for YPc2, LaPc2 and GdPc2 complexes do 

not show any tangible differences compared to the experimental XRD structures: 0.02° with 

DN/DND and 0.01° with DNP basis sets for YPc2, 0.38° for LaPc2 and 0.09° for GdPc2. 

However, for LuPc2 this angle differs by 4.9° from that deduced from the diffraction. This 

discrepancy can be attributed to the fact that the experimental value refers to the crystalline phase 

while the theoretical approach considers an isolated molecule. Also the presence of solvent in the 

crystal lattice (the reported LuPc2 structure included [NBu4]+ cation, creating very particular 

chemical environment). 28 In the phthalocyanines adsorbed on the surface of SWCNT models, 

the skew angles are not affected: their values vary between 44.8° and 45.0° only, depending on 

MPc2 complex, nanotube chirality and of the basis set for the systems with yttrium 

bisphthalocyanines (Fig.6. 6).  

Table 6. 1. Diameter and length (in Å) of isolated ANT and ZNT nanotube models, calculated using PBE GGA functional 
with Grimme's dispersion correction in conjunction with DN, DND and DNP basis sets for the non-covalent interactions 
with a yttrium bisphthalocyanine. 

Model Basis set Diameter (Å) Length (Å) 

ANT 

DN 7.088 14.161 

DND 7.059 14.124 

DNP 7.060 14.123 

ZNT 
 

DN 7.984 14.338 

DND 7.964 14.299 

DNP 7.965 14.293 
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Fig.6. 3. Optimised geometries for armchair and zigzag nanotubes used for non-covalent hybrids with (a) YPc2 and (b) LnPc2 

(Ln = La, Gd and Lu).  

 

In Fig.6. 1 one can see that the two ligands of isolated MPc2 in XDR and DFT structures 

are not flat but exhibit a different degree of bending in the isoindole units that generates a certain 

degree of outward bending (doming toward the central Ln atom). The bending could be caused 

by some variability in the length of eight M-N coordination bonds, electronic repulsion between 

the opposite o-phenylene rings within the same molecule, π-π stacking and other intermolecular 

interactions between adjacent bisphthalocyanines in the crystal lattice.6,27,35.  

 

6.2.1.2.   Size  

The size (or width) of the isolated optimised MPc2 molecules, defined as the maximum 

distance between the two hydrogen atoms at opposite o-phenylene moieties of the Pc rings 6,34 

(see Fig.6. 1), is overestimated in all cases and fluctuates around 15.0 Å (1.5 nm; Table 6. 2 and 

Table 6. 3) relative to the experimental data. Hence, the length of the nanotube models is barely 

sufficient to accommodate one MPc2 molecule. As seen in Table 6. 2 and Table 6. 3, the distance 

between the hydrogen atoms is not the same for all MPc2 complexes. In particular, the size 

variation for isolated YPc2 is larger when the size of the basis set decreases, i.e., 0.111 Å (DN) > 

0.047 Å (DND)> 0.015 Å (DNP).  

Upon adsorption on the SWCNT models, the o-phenylene moieties are attracted to the 

nanotube sidewall, leading to a more domed geometry of the Pc ligand contacting the SWCNT 

(Fig.6. 6). The bending distortion is most noticeable when the bisphthalocyanines are adsorbed 

on small diameter nanotube models. In the case of lanthanide bisphthalocyanines it occurs when 

they are in contact with the zigzag nanotube, while for yttrium bisphthalocyanines bending is 

evident for adsorption on the armchair nanotubes (regardless of the basis set size).  

In the case of the YPc2+SWCNT hybrids, the two Pc units are remarkably different in size, 

unlike the LnPc2+SWCNT. Table 6. 2 shows the average size of each Pc ligand of the yttrium 

double-decker. The size of the ligand contacting the ANT or ZNT sidewall decreases to 14.8-

14.9 Å (first value in the table), i.e., the ligand undergoes distortion bending. As to the second, 

'external' Pc ligand, its size remains approximately the same, namely 15.0 Å (second value in 



 

 128 

 Chapter   6 

the table). Visually it looks like this ligand becomes flatter upon adsorption (Fig.6. 1 versus 

Fig.6. 6). This impression is due to the diameter and length of the nanotube models that are 

smaller than the nanotubes used for the LnPc2 complexes, so their distortion of the yttrium 

bisphthalocyanine structure may be more noticeable due to the curvature of the sidewall and 

tips.  

On the other hand, the size of LnPc2 molecules decreases upon adsorption. However, the 

size range is much larger than that of the optimised isolated structures or that obtained from 

experimental data (Table 6. 3). These values are higher than those of yttrium bisphthalocyanine 

on short nanotube models of smaller diameter.   

 

6.2.1.3.  Height  

A quantitative evaluation of this distortion can be made by analysing the height of each 

MPc2 complex (Table 6. 2 and Table 6. 3), which is measured as the distance between the 

peripheral hydrogen atoms belonging to the opposing Pc ligands 6,36 (see Fig.6. 1). For the XRD 

structures of YPc2, LaPc2, GdPc2 and LuPc2 these height values are, respectively, 2.351-5.094 

Å (variation within 2.743 Å), 3.936-4.381 (variation within 0.445 Å), 3.652-4.912 (variation 

within 1.260 Å) and 3.743-5.141 Å (variation within 1.439 Å). For DFT-optimized MPc2 

geometries, the height variation increases for LaPc2 (from 0.445 to 1.611 Å) but decreases for 

GdPc2 (from 1.260 to 0.700 Å) and LuPc2 (from 1.439 to 0.652 Å). For YPc2 it depends on the 

size of the basis set, the lowest variation being found for DNP (0.254 Å) followed by DND 

(0.421 Å) and DN (0.652 Å). These results show that the DFT-derived structures tend to be 

less distorted (Fig.6. 1), flatter and with a more uniform height. A possible reason for this is the 

absence of adjacent MPc2 molecules in our DFT calculations. 

The height variation of the bisphthalocyanies when interacting with the CNTs models 

(Fig.6. 6) presents a specific trend for each complex and suggests a higher or lower distortion 

through the contact with the curved nanotube surface, because of the π-π interactions (Table 6. 

2 and Table 6. 3). The calculations with all three basis sets indicate that the height of the YPc2 

molecule increases when adsorbed on the carbon nanotube compared to when it is isolated. For 

example, with the DNP basis set, this height goes from 0.254 to 0.633 and 0.751 Å for 

adsorption on the armchair and zigzag models, respectively. LaPc2 shows the same behaviour 

as YPc2 on ANT* and ZNT* (from 1.611 to 1.718 and 2.099 Å, respectively). In contrast, the 

H...H distances in GdPc2 decreases for both hybrids (from 0.700 to 0.646 and 0.591 Å on ANT* 

and ZNT*), while in the case of LuPc2 the height increases for adsorption on ZNT* but decreases 

when in contact with ANT* (from 0.625 to 1.100 and 0.602 Å, respectively).  

 

 



 

 

 

 

Table 6. 2. Size (in Å), height (in Å) and N-Y-N angles (in degrees) for the isolated YPc2 molecule and for YPc2 bound noncovalently to single-walled carbon nanotubes 

(YPc2+SWCNT  with SWCNT = ANT, ZNT), also listed are the shortest distances: Y…CSWCNT, γ-N…CSWCNT and CYPc2
…CSWCNT (in Å) between YPc2 and SWCNT, calculated  

using PBE GGA functional with Grimme's dispersion correction in conjunction with DN, DND and DNP basis sets. The structural parameters for the YPc2 crystal structure 

as obtained from X-ray diffraction 6 are reported for comparison. 

a Values derived from XRD results  
b Average size of each Pc ligand of YPc2 complexes. First value of the ligand in direct contact with the surface of the nanotube 
 

 

 

 

 

 

System Basis set Size (Å) Height (Å) N-Y-N (°) Y-N (Å) 
Y…CSWCNT 

(Å) 

γ-N…CSWCNT 

(Å) 

CYPc2…CSWCNT 

(Å) 

YPc2 a  14.644-14.762 2.351-5.094 109.7-110.6 2.395-2.412    

YPc2 

DN 14.987-15.098 4.151-4.803 113.3-113.7 2.407-2.422    

DND 14.992-15.039 4.020-4.441 110.7-110.9 2.412-2.417    

DNP 15.005-15.020 4.062-4.316 110.9-111.0 2.410-2.413    

YPc2+ANT 

 

DN 14.841; 15.087 b 4.390-5.026 112.8-115.1 2.392-2.422 4.386 3.014 3.076 

DND 14.851; 15.031 4.197-4.777 110.6-112.0 2.403-2.417 4.399 3.029 3.081 

DNP 14.805; 15.015 4.297-4.930 110.9-112.2 2.399-2.417 4.430 3.046 3.097 

YPc2+ZNT 

 

DN 14.906; 15.057 4.200-5.140 112.7-115.3 2.392-2.412 4.460 3.060 2.957 

DND 14.916; 15.042 3.963-4.568 110.6-112.0 2.401-2.411 4.507 3.091 2.973 

DNP 14.860; 15.027 4.116-4.867 110.8-112.5 2.396-2.409 4.526 3.095 2.986 
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Table 6. 3. Size (in Å), height (in Å), Ln-N bond length (Å) and N-Ln-N angle (in degrees) for the isolated LnPc2 molecules and for LnPc2 bound noncovalently to a single-

walled carbon nanotube (LnPc2+SWCNT with SWCNT = ANT, ZNT), also listed are the shortest distances: Ln…CSWCNT, γ-N…CSWCNT and CLnPc2
…CSWCNT (in Å), between LnPc2 

and SWCNT, calculated using the PBE GGA functional with Grimme’s dispersion correction in conjunction with the DN basis set. The structural parameters for the crystal 

structure of LnPc2 obtained from X-ray diffraction 27,28 are listed for comparison. 

a Values derived from XRD results  

 

 

 

 

 

System Size (Å) Height (Å) N-Ln-N (◦) Ln-N (Å) 
Ln…CSWCNT 

(Å) 

γ-N…CSWCNT 

(Å) 

CLnPc2
…CSWCNT 

(Å) 

LaPc2 a 14.703 3.936-4.381 108.8-108.9 2.421    

GdPc2 a 14.679-14.733 3.652-4.912 108.2-108.8 2.422-2.436    

LuPc2 a 14.599-14.717 3.743-5.182 110.8-112.0 2.358-2.388    

LaPc2 15.126-15.170 3.803-5.414 107.6-107.3 2.536-2.545    

GdPc2 15.098-15.132 3.858-4.558 107.1-107.6 2.507-2.529    

LuPc2 14.925-15.046 4.358-5.010 114.1-114.2 2.384-2.400    

LaPc2+ANT* 14.838-15.151 4.087-5.805 107.3-107.8 2.522-2.553 4.551 3.107 3.160 

GdPc2+ANT* 15.043-15.147 3.920-4.566 111.1-113.2 2.405-2.444 4.597 3.180 3.279 

LuPc2+ANT* 14.835-15.052 4.591-5.193 113.6-114.4 2.379-2.405 4.619 3.231 3.218 

LaPc2+ZNT* 14.863-15.091 3.899-5.998 107.3-108.7 2.519-2.550 4.692 3.180 3.129 

GdPc2+ZNT* 14.839-15.143 4.320-4.911 112.4-114.0 2.411-2.430 4.559 3.192 3.089 

LuPc2+ZNT* 14.876-15.030 4.189-5.289 113.6-115.7 2.364-2.391 4.533 3.123 3.076 
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6.2.1.4.  M-N i s o  bond lengths 

The central metal atom of the bisphthalocyanine coordinates with eight isoindole nitrogen 

atoms (Niso), giving rise to a pseudo-4-fold axis perpendicular to the Pc rings and a distorted 

square antiprismatic coordination environment around the metal centre. This distortion is a 

consequence of the non-equal bond lengths between metal atom (M) and each of the eight N iso 

atoms. The calculated M-Niso bond lengths of the isolated optimised molecular structure are 

longer than the experimental values. The values for YPc2 derived with the DND and DNP basis 

sets are closer or equidistant. Their range is reduced compared to the data calculated DN basis 

set or to those deduced from XDR (Fig.6. 4a).  

The Y-Niso bond length interval calculated on the same theoretical level when YPc2 is 

adsorbed on the surface of a carbon nanotube increased with respect to the value for the isolated 

molecule for all basis sets used. As can be seen in Fig.6. 4a, for the calculation with the DN basis 

set, some values become smaller. Likewise, the range of Y-Niso bond lengths in the isolated 

molecule with DNP is 2.410-2.413 Å while for the molecule on the surface of the zigzag nanotube 

it becomes 2.396-2.409 Å (Table 6. 2). We also note that, Y-Niso lengths for the Pc ligand that is 

in direct contact with the ANT surface are larger than those of the other ligand and also than 

those YPc2 on the zigzag nanotube (values calculated with the DNP basis set: 2.411-2.417 Å 

with DNP for YPc2+ANT and 2.404-2.409 Å for YPc2+ZNT). The latter difference is due to the 

smaller diameter of the nanotube. 

The calculated Ln-Niso bond lengths in isolated LnPc2 are 2.536-2.545 Å for LaPc2, 2.507-

2.529 Å for GdPc2 and 2.384-2.400 Å for LuPc2, and hence larger than the experimental values 

deduced from XRD analysis (Table 6. 3). Fig.6. 1b shows how the Ln-N length in each isolated 

bisphthalocyanine decreases as the Ln atomic number increases, and that this trend is 

maintained after adsorption on the nanotube sidewall. 

 

6.2.1.5.  N-M-M distort ion angles  

The values of the N-M-N angles formed between the metal atom and two diagonally 

opposite nitrogen atoms Niso of the coordination sphere (four atoms of nitrogen of the isondole 

units that coordinated with the central metal, MN4, see Fig.4. 5, are shown in Table 6. 2 and 

Table 6. 3. For YPc2, where the experimental values are found in the range 109.7-110.6°,  the 

theoretical ones are always higher,  specifically 113.3-113.7° when calculated with the DN basis 

set, 110.7-110.9° when the DND basis set is used, and 110.9-111.0° for calculation with the 

DNP basis set. Even though the strongest deviation from the experimental parameters is 

observed for the calculation with the DN basis set (0.015°), the improvement due to the use of 

higher-quality DND and DNP basis sets is not strinking, similar to the cases of other geometrical 

characteristics discussed above (Fig.6. 4a). 

On the other hand, compared to the experimental values, the N-Ln-N angles in isolated 

lanthanide double-decker phthalocyanines were underestimated for GdPc2, and overestimated 

for LaPc2 and LuPc2 (Fig.6. 4 and Table 6. 3).  
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The angles of most of the bisphthalocyanines increase after deposition on the surface of 

each model nanotube with respect to the optimised structure of the isolated molecule, and this 

independently of the level of calculation (emphasis on systems with YPc 2 molecule). The angles 

also vary over a greater range, indicating that the molecule becomes more asymmetric and 

distorted when adsorbed. An exception to this trend is the lanthanum double-decker 

phthalocyanine on the surface of armchair nanotube, where the values of the angles decrease, as 

seen in Table 6. 3 and Fig.6. 4b. For LnPc2+SWCNT hybrids, the change in N-Ln-N angle is 

opposite to that of Ln-N bond lengths: the angles increase from La to Lu. The change becomes 

more dramatic in the gadolinium hybrids.  

6.2.1.6.   The closest contact  

The attraction between the SWCNT models and the MPc2 molecules can be characterized 

in terms of the shortest distances between carbon atoms CMPc2…CSWCNT, metal and carbon atoms 

M…CSWCNT, and nitrogen and carbon atoms γ-N…CSWCNT and distances. For the hybrids of the 

armchair nanotube with lanthanum, gadolinium and yttrium double-decker phthalocyanines 

(the latter regardless of the basis sets) the closest distance was found between a carbon atom of 

the nanotube and one of the azomethine nitrogen atoms (γ-N) of the Pc ligand (γ-N...CSWCNT), 

as listed in Table 6.3. This closest distance was determined to be 3.107 Å for LaPc2+ANT* and 

3.180 Å for GdPc2+ANT*, and for YPc2+ANT 3.014 Å as reported in Table 6. 2. For 

LuPc2+ANT* and for all hybrids of rare-earth bisphthalocyanines and zigzag chiral nanotubes, 

(MPc2+ZNT) the closest contact resulted between carbon atoms, CMPc2
…CSWCNT. 

The shortest distance between the lanthanide of the double-decker and a carbon atom of the 

nanotube (Ln...CSWCNT; Table 6. 3) is one of the structural parameters that is most sensitive to the 

nanotube model and the Ln species. This distance can be an indirect indicator of the bonding 

strength. In the LnPc2+ANT* series, it increases as the lanthanide atomic number increases, from 

4.551 Å for LaPc2+ANT* to 4.619 Å for LuPc2+ANT*. The opposite behaviour is observed for the 

LnPc2+ZNT* series, where it decreases from 4.692 Å for LaPc2+ZNT* to 4.533 Å for LuPc2+ZNT*. 

For hybrids of yttrium bisphthalocyanine and short nanotubes models the distance between the 

central atom and a carbon atom of the nanomaterial depends on the size of the basis sets: with the 

larger DNP basis set the distance Y… Cswcnt is longer, while with the DN basis set, the distance is 

shorter (Table 6. 2). An analogous behaviour is found for γ-N…CSWCNT and CYPc2…CSWCNT 

distances. 

 

6.2.2. Adsorption strength and electronic propert ies  

The formation energies (ΔE), distribution of frontier orbital HOMO and LUMO, HOMO-

LUMO gap energies (Egap), the charge, the spin of central metal atom, charge transfer, as well as 

the spin density distribution were analysed.  
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Fig.6. 4. Comparison of the lengths of the bonds between the central metal and the nitrogen atoms of the coordination sphere 

M-N (Å; top) and of the N-M-N angles (°; bottom) in crystalline rare-earth double-decker phthalocyanines. Data deduced from 

XRD (aMPc2), in the isolated MPc2 molecules and calculated for isolated MPc2 adsorbed on the carbon nanotube sidewalls 

(MPc2+SWCNT) are shown, for (a) hybrids of yttrium bisphthalocyanine, where the theoretical values were calculated at the 

level of PBE-D2 with three numerical basis sets: DN, DND and DNP; (b) for lanthanide bisphthalocyanines, the theoretical 

structure were optimised at the PBE-D2/DN.  

 

6.2.2.1.  Formation energies of MPc 2 +SWCNT hybrids 

The adsorption strength of the double-decker phthalocyanines complexes on the carbon 

nanotube surface is mirrored by the formation energy. This energy is strongly related to the 

chirality of nanotube. The calculated values are reported in Table 6. 4 and Table 6. 5, where one 

can see that YPc2, LaPc2, and LuPc2 adsorbed on zigzag nanotubes show more negative energies 

than for adsorption on ANT: -43.8 (for the DNP basis set), -55.4 and -60.7 kcal/mol vs. -37.1, 

-52.4 and -55.1 kcal/mol, respectively. An opposite trend can be seen for GdPc2+SWCNT 

hybrids, though the difference is as small as 1 kcal/mol. 

When analysing the influence of the basis set ’s size with the yttrium double-decker 

phthalocyanine, the strongest bonding was observed when using the DN basis set, followed by 

DNP and DND (Table 6. 4). A possible explanation for this trend is the larger orbital cutoff values 

applied when the latter two basis sets are used, which in turn reduces the polyazamacrocycle 

bending when the molecule is adsorbed on a SWCNT sidewall. 37 Another point to consider is 

that the formation energies of the YPc2+SWCNT hybrids are rather close to the ΔE values 
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reported previously for the hybrids of 3d metal phthalocyanines on the single-walled carbon 

nanotubes with the same ANT and ZNT models, and which span from -45.4 to -32.7 kcal/mol. 
21 This can be interpreted as a minor contribution to the adsorption strength by central metal atom 

of bisphthalocyanine complex, indicating that the adsorption process is governed by π‒π interactions 

between tetraaza[18]annulene macrocycle and graphene-derived nanotube sidewall. 21 

In the case of lanthanide bisphthalocyanine, the nature of the central metal atom influences 

the formation energy. The stronger binding with ΔE values of -65.6 and -64.6 kcal/mol was 

obtained for GdPc2+ANT* and GdPc2+ZNT*, respectively. For both the ANT* and the ZNT* 

series, ΔE increases in the order of GdPc2 < LuPc2 < LaPc2. 

 

6.2.2.2.  HOMO-LUMO gap energies  

Since it is known that the HOMO-LUMO gap is strongly underestimated when using pure 

GGA functionals (for example, as compared to hybrid ones such as B3LYP) 38, we analyzed this 

electronic parameter simply as a measure of changes in the molecule’s properties upon 

adsorption on SWCNT models. 

When analyzing frontier orbital energies of isolated YPc2 (Table 6. 4), one can see that the 

choice of basis set has a negligible effect. In particular, the calculated HOMO-LUMO gap energy 

is 0.140 eV for DN, and 0.142 eV for both the DND and DNP basis sets. The short armchair 

model has semi-conductive behaviour (HOMO-LUMO gap = 0.643 eV with DNP), its gap 

energy value increases inversely with the basis set size (DN>DND>DNP, see Table 6. 4), whilst 

the zigzag model shows the opposite trend and is conductive (HOMO-LUMO gap = 0.080 eV 

with DNP).  

The gap energy of isolated LnPc2 molecules slightly decreases in the order of LuPc2 (0.138 

eV)>LaPc2 (0.133 eV)>GdPc2 (0. 130 eV), as in earlier calculations with Fermi occupancy. 
29Among the nanotube models, ANT* exhibits a higher band gap than ZNT* (0.551 and 0.001 

eV, respectively), similar to the smaller nanotube models with the same chirality  that were used 

to study the non-covalent interactions of 3d transition metal 21,22,39 and YPc2. 

Table 6. 4 shows that the basis set size has a negligible effect on the HOMO-LUMO band 

gap energies of hybrids of yttrium bisphthalocyanines and CNTs. The values obtained for 

YPc2+ANT and YPc2+ZNT with the DNP basis set are 0.140 and 0.059 eV, respectively. For 

what concerns the gap energy of the LnPc2+SWCNT hybrids, the following observations can be 

made. For LnPc2+ANT* hybrids Egap becomes slightly larger as the atomic number, and 

consequently the number of 4f-electrons increases: 0.128 eV for LaPc2, 0.131 eV for GdPc2, and 

0.134 eV for, LuPc2. For LnPc2+ZNT*, the trend is opposite and the Egap values are smaller by 

one order of magnitude, namely 0.021, 0.014 and 0.012 eV for LaPc2, GdPc2 and LuPc2.  

Overall, ignoring the calculation methodology and comparing the computed gap values of 

each hybrid with that of the isolated component (Table 6. 4 and Table 6. 5), one can conclude 

that in the case of rare-earth double-decker bispthalocyanines adsorbed on armchair nanotubes, 
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Egap tends to approach that of the respective isolated MPc2, whereas for adsorption on the 

surface of a zigzag nanotube, it is closer to the band gap of the nanotube. The fact that the gap 

energy is higher for MPc2+ANT than for MPc2+ZNT, also observed in our earlier studies of 

hybrids with 3d transition metal(II) MPc 21,22,39, can be interpreted as an effect of the nanotube 

chirality, given that the nature of the zigzag models is open-shell. 

 

6.2.2.3.  Distribution of frontier orbital  HOMO and LUMO  

Concerning the distribution of frontier orbitals, Fig.6. 5 illustrates that for isolated YPc2, 

LaPc2, GdPc2 and LuPc2 the HOMO and LUMO is localized on the carbon atoms, specifically at 

the pyrrole unit, as observed earlier for LnPc2 29 by us and by other research groups at different 

theoretical levels. 40,41 No contribution from the central metal atom to either HOMO or LUMO 

was found. The patterns are essentially identical for all theoretical levels tested , at least when 

the isosurfaces are plotted at 0.03 arb. units. This finding agrees well with experimental data by 

STM reported for YPc2. 42 

HOMO and LUMO on the armchair nanotube are found on the sidewall carbon atoms, 

though both have different distribution patterns (Fig.6. 5). On the zigzag nanotubes, there are 

some differences that can be attributed to the structural features. HOMO and LUMO of the short 

model, which interact with YPc2, are present on the sidewall and tips, meanwhile for the long 

zigzag model they are concentrated on only one tip of the nanotube (Fig.6. 5).  

As shown in Fig.6. 6, the HOMO and LUMO orbital distributions for the MPc2+SWCNT 

hybrids depend on the chirality of the nanotube and on the central metal atom. In hybrids with 

armchair nanotubes, HOMO and LUMO are located on the bisphthalocyanines structure as in 

isolated MPc2. In hybrids with zigzag nanotubes, the distribution of the frontier orbitals varies. 

The HOMO orbital of the YPc2+ZNT hybrid is localised in both components but the LUMO only 

on the zigzag nanotube. In LaPc2+ZNT* and LuPc2+ZNT*, the HOMO is localised exclusively 

on the nanotube and the LUMO on both components; in the case of LuPc2+ZNT* the 

contribution from the nanotube is more notable. In GdPc2+ZNT*, the HOMO extends over both 

components and LUMO is localised only on the nanotube, similarly to YPc2+ZNT*. An 

additional detail, which can be observed in Fig.6. 6, is that neither HOMO nor LUMO is localized 

on the central metal atom.  

The HOMO-LUMO distribution plots for the YPc2 hybrids are identical for all three basis 

sets, DN, DND and DNP. 
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Fig.6. 5. HOMO and LUMO plots (isosurfaces at 0.03 arb.units; two side views) for isolated rare-earth double-decker 

phthalocyanines (YPc2, LaPc2, GdPc2 and LuPc2), and for the armchair and zigzag nanotube models employed for thestudy of 

the formation for hybrids with yttrium (short models), lanthanum, gadolinium and lutetium bisphthalocyanines calculated by the 

PBE-GGA functional with the DN basis set. HOMO and LUMO plots for yttrium bisphthalocyanines systems were calculated 

using the DN, DND and DNP basis sets, here results obtained with the DNP geometry are presented (same plots were obtained 

when DN or DND basis sets were used) 

 

 



 

Table 6. 4. Total energies Etotal (in Ha), formation energies ΔE (in kcal/mol), HOMO, LUMO and HOMO-LUMO gap energies (in eV) for isolated YPc2, for the nanotube 

models alone (ANT and ZNT) and for the non-covalently hybrids, as well as charge of Y atom and charge transfer from YPc2 to SWCNT calculated using PBE GGA functional 

with Grimme's dispersion correction in conjunction with DN, DND and DNP basis sets. The charge transfer values were obtained from the Mulliken population analysis 

a The charge transfer is always from YPc2 to SWCNT model 

 

 

System Basis sets 
Etotal 

(Ha) 

ΔE 

(kcal/mol) 

EHOMO 

(eV) 

ELUMO 

(eV) 

Egap 

(eV) 
Y charge (e) Charge transfer (e)  a 

ANT  

DN -4568.0346443  -5.518 -4.806 0.712   

DND -4569.2431383  -5.318 -4.674 0.644   

DNP -4569.1629441  -5.354 -4.712 0.643   

ZNT  

DN -5329.5208333  -5.795 -5.716 0.079   

DND -5330.9123540  -5.623 -5.544 0.079   

DNP -5330.8185875  -5.662 -5.582 0.080   

YPc2 

DN -6664.1301901  -4.646 -4.507 0.140 2.074  

DND -6665.0600567  -4.564 -4.422 0.142 1.966  

DNP -6665.1029617  -4.603 -4.461 0.142 1.922  

YPc2+ANT 

DN -11232.236527 -45.0 -4.874 -4.736 0.138 2.172 0.131  

DND -11234.361155 -36.4 -4.744 -4.604 0.140 1.980 0.108 

DNP -11234.324974 -37.1 -4.797 -4.657 0.140 1.963 0.127 

YPc2+ZNT 

DN -11993.730585 -49.9 -5.187 -5.129 0.058 2.121 0.520  

DND -11996.040216 -42.6 -5.061 -5.001 0.061 1.975 0.454  

DNP -11995.991383 -43.8 -5.114 -5.055 0.059 1.960 0.489  
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Table 6. 5. Total energies Etotal (in Ha) formation energies ΔE (in kcal/mol), HOMO, LUMO and HOMO-LUMO gap energies (in eV) for the isolated LnPc2, SWCNT (ANT 

and ZNT) and for the non-covalently hybrids, as well as spin and charge of Ln (La, Gd and Lu) and charge transfer from LnPc2 to SWCNT calculated using PBE-GGA 

functional with Grimme’s dispersion correction in conjunction with the DN basis set. The charge transfer values were obtained from the Mulliken population analysis 

a The charge transfer is always from LnPc2 to SWCNT model 

 

 

System Etotal (Ha) ΔE (kcal/mol) HOMO (eV) LUMO (eV) Egap (eV) 
Ln charge 

(e) 

Charge transfer 

(e)  a 

Ln spin 

(e) 

ANT* -6852.4098123  -5.417 -4.866 0.551    

ZNT* -6852.3450966  -5.735 -5.734 0.001    

LaPc2 -3388.1293982  -4.845 -4.713 0.133 1.893  0 

GdPc2 -3527.7074389  -4.811 -4.680 0.130 1.532  7.006 

LuPc2 -3981.3338903  -4.683 -4.545 0.138 1.438  0.002 

LaPc2+ANT* -10240.6227541 -52.4 -5.063 -4.935 0.128 1.924 0.090  0 

GdPc2+ANT* -10380.2217485 -65.6 -4.861 -4.730 0.131 1.487 0.082  7.010 

LuPc2+ANT* -10833.8314531 -55.1 -4.873 -4.740 0.134 1.457 0.079  0.002 

LaPc2+ZNT* -10240.5628015 -55.4 -5.345 -5.324 0.021 1.992 0.377 0 

GdPc2+ZNT* -10380.1555445 -64.6 -5.232 -5.217 0.014 1.472 0.452 7.013 

LuPc2+ZNT* -10833.7757678 -60.7 -5.260 -5.248 0.012 1.431 0.502 0 
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Fig.6. 6. HOMO and LUMO plots (isosurfaces at 0.03 arb. units; two side views) for rare-earth double-decker phthalocyanines 

(YPc2, LaPc2, GdPc2 and LuPc2), SWCNT models, and MPc2+SWCNT hybrids calculated using the PBE GGA functional with 

Grimme’s dispersion correction with the DN basis set, plots for yttrium bisphthalocyanines systems were calculated using the 

DN, DND and DNP basis set, here the results obtained with the DNP geometry are presented (the same plots were obtained 

when DN or DND basis sets were employed). 
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6.2.2.4.  Mull iken population analysis  

6.2.2.4.1.  Charge for central  metal   

One more aspect of interest we addressed is the charge of metal atom of the 

bisphthalocyanine, as deduced from the Mulliken population analysis. For YPc2 complex, that 

charge depends on the size of the basis set; the charge value decreases both for the isolated 

molecule and for the hybrids with the nanotubes when the basis set is larger, that is, 

DNP<DND<DN (Table 6. 4). The charge of the yttrium metal atom decreases when the 

molecule is deposited on the surface of the nanotube, however it is higher for adsorption on the 

armchair model (where it decreases from 1.975 to 1.960 e when calculated with the DNP basis 

set) than on the zigzag nanotube.  

The charge of La, Gd and Lu in isolated bisphthalocyanines is 1.827, 1.452, and 1.400 e, 

respectively. In the case of hybrids, the changes are rather random (Table 6. 5). For 

LaPc2+SWCNT* hybrids, there is an increase by 0.031 e for LaPc2+ANT* and by 0.099 e for 

LaPc2+ZNT*. When GdPc2+ANT* and GdPc2+ZNT* are formed, the Gd charge decreases by 

0.045 and 0.060 e, respectively. For LuPc2+SWCNT hybrids, the Lu charge increases by 0.019 

e for LuPc2+ANT* but decreases insignificantly, by 0.007 e, for LuPc2+ZNT*. Regardless of the 

magnitude, the general trend the same as for isolated phthalocyanines, where the Ln charge 

decreases in the order of LaPc2 > GdPc2 > LuPc2. 

 

6.2.2.4.2.  Charge transfer  

Since carbon nanotubes and phthalocyanine hybrids have been considered as 

supramolecular self-assembled donor-acceptor conjugated systems, the charge transfer between 

the two components was analysed. 43 From Table 6. 4 and Table 6. 5 it is clear that the direction 

of charge transfer is from the bisphthalocyanine to the carbon nanotube and depends on the 

chirality of the nanotube and on the central coordination metal. 

Charge transfer from YPc2 to an armchair nanotube is lower than the adsorption on a zigzag 

nanotube, regardless of the basis set used for the calculations (Table 6. 4 ). Calculations with the 

DN basis set gave the highest charge transfer for both chiralities (0.131 e for YPc2+ANT and 

0.520 e, for YPc2+ZNT. 

For lanthanide bisphthalocyanines adsorbed on zigzag nanotubes, the charge transfer 

increases proportionally to the lanthanide atomic number, from 0.377 (LaPc2+ZNT*) to 0.502 

e (LuPc2+ZNT*) while the increase is inversely proportional to the atomic number when 

binding to armchair nanotubes, from 0.079 (LuPc2+ANT) to 0.090 e (LaPc2+ANT*). 

Something that can be noted is the relationship between the charge transfer and the Ln…CSWCNT 

distance: for each set of hybrids per chirality (Table 6. 3), the smaller the Ln…CSWCNT distance, 

the higher the charge transfer. The charge transfer for hybrids with zigzag nanotubes is always 

higher. 
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6.2.2.5.  Spin density  

The existence of an unpaired electron delocalized over the Pc macrocycles gives rise to a 

crucial difference between spin density plots obtained for isolated rare-earth bisphthalocyanines 

(Fig.6. 7) and the ones obtained for conventional single-decker phthalocyanine  with 3d 

transition metals. 21,22,44,45 The distribution of the spin density in isolated YPc2 (again, identical 

for all basis sets), LaPc2 and LuPc2 matches closely the HOMO and LUMO distribution 

discussed above (Fig.6. 5). In these molecules, the unpaired electrons are found mainly on C 

atoms of the pyrrole (‘spin-up’), with a minor contribution from nitrogen atoms: γ-N and Niso 

atoms (‘spin-down’; oranges lobes). This feature is also present in GdPc2, but the additional main 

contribution here comes from the metal (‘spin-down’). 

The spin density of the armchair nanotubes with isosurface at 0.01 arb. units is not visible 

(Fig.6. 7.). The short zigzag model has its spin density distributed over the whole nanotube and’ 

spin-up’ prevails, while in the longer model the spin density is only centred on one of the tips 

and less ‘spin-down’ contribution is observed.  

 

 

Fig.6. 7. Spin density plots (isosurfaces at 0.01 arb. units) for isolated lanthanide double-decker phthalocyanines (YPc2, LaPc2, 

GdPc2 and LuPc2) and zigzag carbon nanotube models (on the right the short model used for depositing YPc2). Violet and 

orange lobes correspond to ‘spin-up’ and ‘spin-down’ electrons, respectively. 
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The spin distribution in the hybrids depends not only on the central metal, but also on the 

nanotube model (Fig.6. 8). For armchair nanotubes (MPc2+ANT) the spin density remains on 

the bisphthalocyanine with the same pattern for isolated c MPc2, whereas the hybrids with 

zigzag nanotubes exhibit notable differences. In all of them one can observe the presence of 

unpaired electrons on the closed nanotube ends (as in the isolated ZNT model).  An additional 

detail is that the main cloud found on ZNT is ‘spin-up’ unpaired electron density. No tangible 

contribution from the bisphthalocyanine can be found in LaPc2+ZNT*, and only a minor one in 

YPc2+ZNT and LuPc2+ZNT*, mainly with ‘spin-down’ (orange lobes) character. This contrasts 

with GdPc2+ZNT*, where the spin density distributions of the isolated GdPc2 and of the ZNT* 

are combined, for GdPc2 the contribution of ‘spin-up’ (violet lobule) and ‘spin-down’ on the 

molecule is reversed when it is deposited on an armchair nanotube. 

The features mentioned above for YPc2+SWCNT hybrids are reproduced with all the basis 

sets, although the ‘spin-down’ contribution of the phthalocyanine on the zigzag nanotube is 

slightly less evident in the calculation with the DN basis set. 

Finally, Table 6. 5 specifies the spin of the Ln atoms in isolated and adsorbed double-decker 

phthalocyanines; one can see that the Ln spin remains relatively constant. For LaPc2 and LuPc2, 

where the lanthanide(III) ion is in a closed-shell configuration, the spin is always close to zero. 

On the other hand, for GdPc2 where the 4f orbital of gadolinium ion is half-filled, a minor spin 

transfer of 0.004 and 0.007 e from armchair and zigzag carbon nanotubes, respectively, was 

found. The charge value for Y atoms is zero on all systems independent of calculation method.   

 

6.3. Conclusions  

A systematic theoretical analysis of the adsorption of rare-earth bisphthalocyanines on two 

single-walled carbon nanotube models was performed using the PBE functional together with 

Grimme dispersion correction. In general, our findings can be described as follows:  

The comparison of the four optimised structures of isolated rare-earth bisphthalocyanines 

with the corresponding structure derived from X-ray diffraction overestimates some structural 

parameters such as size, M-Niso length and N-M-N angle values at all calculation levels studied. 

As for the height, the range variation decreases for all the molecules except for LaPc2. Since the 

XRD data refer to crystals, the differences are attributed to the chemical environment of the 

crystal lattice. 

The optimized structures obtained show that the Pc ligands of the isolated 

bisphthalocyanine are not flat and present a domed structure. When interacting non-covalently 

with the carbon nanotubes they undergo an additional distortion to increase the contact area 

with the nanotube sidewall, resulting in a stronger interaction between the two components. 

The degree of bending distortion depends on the diameter, length, chirality and coordination 

metal of the phthalocyanine. The bending is higher for small diameter hybrids for YPc2 with 

armchair nanotubes and for lanthanide double-decker phthalocyanines with zigzag nanotubes. 

For hybrids with longer nanotubes, the size of the macrocycle is not affected as much.   
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Fig.6. 8 Spin density plots (isosurfaces at 0.01 arb. units) for MnPc2+SWCNT hybrids. Violet and orange lobes correspond to 

‘spin-up’ and ‘spin-down’ electrons, respectively. 

The binding strength or formation energy of nanotube-bisphthalocyanine hybrids depends 

on the chirality of the nanotube and the coordination metal of the phthalocyanine. Most 

bisphthalocyanines bind more strongly to zigzag nanotubes. 

The HOMO-LUMO gap of the hybrids width correlates with the number of electrons of the 

lanthanide and nanotube chirality. For LnPc2+ANT Egap increases linearly in the order LaPc2 < 

GdPc2 < LuPc2, whereas for LnPc2+ZNT the trend is opposite and Egap decreases in the order 

LaPc2 > GdPc2 > LuPc2. For hybrids with YPc2, there is no significant influence of the base set 

size. Adsorption on an armchair nanotube leads to a larger HOMO-LUMO gap compared to the 

case when MPc2 binds to a zigzag tube. In the former case, Egap tends to match the gap of isolated 

MPc2, whereas in the latter case it is closer to the value for zigzag tube alone. 
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According to the Mulliken population analysis, the charge transfer in nanotube-

bisphthalocyanine hybrids is from the macrocycle to the carbon nanotube. Adsorption on zigzag 

nanotubes gives rise to the highest charge transfer. 

The effect of basis set used in our computations depends on a particular parameter. For 

YPc2, the calculated values of molecular size, height and N-Y-N angles tend to decrease with 

increasing the basis set size (DN > DND > DNP). On the other hand, the ΔE values and the 

closest contact (Y…CSWCNT, γ-N…CSWCNT and CYPc2… CSWCNT) between the two components of 

the non-covalently bound hybrids tend to increase for larger basis sets (DND and DNP versus 

DN). The opposite behaviour is observed for the charge transfer, which is higher for hybrids 

optimised with DN and lower for those treated with DNP. The other characteristics (frontier 

orbital and spin density distribution, as well as HOMO-LUMO gap values) do not exhibit any 

significant differences when varying the basis set. 

The calculation methodology implemented for the calculations of lanthanide 

bisphthalocyanines using the DN basis set allows further exploration of these double-decker 

molecules with other carbon allotropes to gain insight into their electronic behaviour, no SCF 

convergence problems were encountered. 
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Abstract  

 

One of the methods for the purification of phthalocyanines is sublimation at temperatures 

between 400 and 500 °C. However, an attempt to purify free-base phthalocyanine (H2Pc) at 

around 450 °C under static vacuum results in the formation of a non-volatile carbonaceous 

material through oxidative pyrolysis. We used a number of instrumental techniques to 

characterize its morphology and chemical composition. According to electron microscopy 

observations, the dominating morphology is fibrous. The estimated length of individual fibres, 

which appear as rather homogeneous and continuous structures, is several micrometres, with 

diameters of roughly 200 nm. According to elemental analysis estimates, the per cent 

contribution of carbon remains approximately the same as in pristine H 2Pc, but about 5.4 at% 

of nitrogen is substituted by oxygen. Spectroscopic measurements suggest that the oxygen is 

incorporated into nanofiber structures in the form of different functionalities containing C=O 

and C–OH bonds. Raman spectroscopy revealed an approximately equal contribution due to 

sp3 and sp2-hybridized carbon atoms, suggesting that the nanofiber thermal stability must be 

similar to that of defect-containing nanotubes, graphene oxide and nanodiamond. Nevertheless, 

according to thermogravimetric analysis, nanofibers are at least as thermally stable as graphene 

and defect-free nanotubes. Density functional theory calculations were employed to suggest 

possible initial steps of H2Pc oxidative pyrolysis leading to the formation of nanofibers. 
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7.1. Introduction 

Phthalocyanines, including unsubstituted ones, are found among the most stable organic 

compounds. 1–4 Despite the rather high molecular weight of Pcs (for example, 514.6 Da for the 

free-base H2Pc), many of them are capable of subliming without decomposition in moderate 

vacuum under temperatures of up to 550 °C, 1–3,5–9 so that even vapor-phase spectral 

characterisation of Pcs is possible. 5,6,8 Within the group of unsubstituted H2Pc and its 

complexes with 3d transition metals, such as FePc, CoPc, NiPc, CuPc and ZnPc, it is important 

to emphasise the contribution of the central atom to their thermal stability and capability to 

sublime. 8 However, it turns out that the free ligand H2Pc is not the least thermally stable of this 

group, being superior to Pc complexes with Mn(II)8, Cd(II) and Sn(II) 3. In other words, the 

principal factor which defines the stability of Pcs is p-hyperconjugation within the extended 

aromatic polyazamacrocyclic system. 

In the context of the present section and bearing in mind the methodology of non-covalent 

hybrids formation with 3d metal phthalocyanines and carbon nanotubes by sublimation under 

undemanding conditions as described in Chapter 3, there is one more interesting aspect where 

two such different types of materials meet, again related to carbon nanostructures. Furthermore, 

it is also directly related to pyrolysis phenomena. For more than two decades, in to design simple 

and efficient approaches to the synthesis of nitrogen-doped MWCNTs and similar carbon 

nanostructures, several research teams have described the nanotube fabrication processes based 

on pyrolytic decomposition of metal Pc. 10–19 The starting compounds employed essentially 

comprise three 3d transition metal(II) complexes: namely, FePc 12–19 , CoPc 11,16,18 and NiPc 
10,11,16. The medium and temperature conditions are variable. In particular, MWCNT can be 

grown under evacuation 10,19 or in vials sealed under vacuum,18 as well as under acetylene 15 or 

argon/hydrogen atmosphere 11–14,16,17. The temperatures of Pc pyrolysis are typically of 800-

1000 °C, in extreme cases spanning from 700 °C 10 to 1100 °C 14.  

To the best of our knowledge, free-base H2Pc does not appear on the list of possible starting 

materials for carbon nanotube fabrication. The reason is obvious: while the latter is a catalytic 

process, H2Pc incorporates no metal, which could serve as a catalyst for efficient CNTs growth. 

Our interest in the free base, within the context of nanotube chemistry, was dictated by quite 

different considerations. The gas-phase functionalisation of CNTs with unsubstituted 

phthalocyanines via physical vapor deposition proposed by us recently 20–22 is particularly 

straightforward and successful when commercially available and moderate-price complexes 

such as MnPc, FePc, CoPc, NiPc, CuPc and ZnPc are used, which can sublime withou t 

decomposition. For certain applications phthalocyanines containing other central metal atoms 

can be of importance. However, either their thermal stability is insufficient for safe physical 

vapor deposition and/or their availability is limited. In this case, the prior gas-phase 

functionalisation of CNTs with H2Pc followed by its liquid-phase complexation with a metal salt 

of choice could be a pathway to a broader variety of nanotube-supported unsubstituted Pcs 

complexes.     

Recently we attempted to achieve the goal of noncovalent SWCNTs functionalisation with 
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metal-free H2Pc, 23 under the same conditions as those found to be optimal for the deposition of 

its metal derivatives (temperature of 450 °C and vacuum of ca. 10 -2 Torr).20–22 The result turned 

out to be totally unexpected. A minor fraction of phthalocyanine ligand was, as expected, 

successfully deposited onto SWCNTs (synthesised by a CVD process), thus yielding the target 

functionalised material. However, a significant amount of H2Pc underwent pyrolytic 

degradation where phthalonitrile, known as the most common starting material for Pc synthesis, 

was a main decomposition product. In addition to CVD SWCNT, this effect was observed for 

CVD MWCNT and graphene. 23 The explanation we offered for this anomalous thermal 

behaviour of H2Pc is based on its covalent attachment to the topological defects (which are 

ubiquitous in all carbon nanomaterials derived from graphene honeycomb lattice and exhibit 

considerable reactivity toward NH and NH2 groups via nucleophilic addition process), followed 

by the disintegration of chemisorbed intermediates formed into lower-molecular-weight 

species, where phthalonitrile dominates. 

The experiments described in Ref. 23 gave rise to one more change finding, which was not 

immediately analysed and interpreted. It has to do with an experimental error in handling the 

vacuum system. The main requirement for valid comparison of the results was constant 

evacuation. This included the blank experiments on H2Pc sublimation in the absence of carbon 

nanomaterials, which, under the correct dynamic vacuum of 10 -1-10-2 Torr, must result in 

almost quantitative phthalocyanine recovery. In some blank experiments, however, the 

evacuation was interrupted by mistake, and H2Pc was unable to sublime: the sample remained 

in the heated zone at 450 °C, losing the characteristic deep violet coloration and acquiring black 

appearance typical for CNTs, graphene powder and amorphous carbon.  

The goal of the present chapter is to present the characterisation of the morphology and 

chemical composition of the above product of H2Pc pyrolysis by means of several instrumental 

techniques, and to roughly estimate the span of conditions for its formation.  

 

7.2. Experimental  sect ion  

7.2.1. H2 Pc pyrolysis  

Free-base phthalocyanine H2Pc (β-form, 98% purity) was purchased from Sigma-Aldrich. For 

each experiment, about 200 mg of H2Pc was used. The tubular quartz reactor employed for most 

pyrolysis experiments was described previously in Chapter 3. Phthalocyanine was placed onto 

the bottom of a quartz reactor. This can be done either directly, or with H 2Pc wrapped into 

aluminium foil to prevent it blowing away upon evacuation: both options provide similar 

results. After pumping the system out to a vacuum of about 10-2 Torr at room temperature, the 

valve of the reactor was closed, and the furnace was switched on. The tests were performed at 

four selected temperatures of 350, 400, 450 and 500 °C. The duration of experiments was 

recorded from the moment when the temperature stabilised: it was 2, 5, 10 and 15 h. The sample 

notation was based on temperature and duration of the experiment: for example, the sample 

treated at 450 °C for 10 h is denoted as P-450-10.   
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In addition to the main series of experiments in which a quartz reactor was employed, for 

comparison, we have done several additional tests with H2Pc heating in a vacuum-sealed vial 

and in a Pyrex beaker.  

 

7.3. Results and discussion  

7.3.1. Characterisation  

As mentioned  evacuation to 10-1-10-2 Torr was interrupted by mistake. As a result, 

phthalocyanine was unable to sublime and remained in the heated zone at 450 °C, losing the 

characteristic deep violet coloration and acquiring black appearance typical for CNTs, graphene 

powder and amorphous carbon. Further attempts to sublime the material formed at 450 °C or 

even higher temperature under the correct vacuum were unsuccessful.  

Bearing in mind the reports by other research groups on CNTs fabrication by means of 

pyrolytic decomposition of metal Pc at 700-1100 °C, 10–19 we analysed the possibility of the 

formation of similar carbon nanostructures using electron microscopy techniques, namely SEM 

and HRTEM. The general sample morphology was characterised by SEM, in comparison with 

that for pristine H2Pc crystals (β-form). As one can see in Fig.7. 1a-c, the latter are needle-

shaped of roughly 101-103 mm length and 1-10 mm width. The microstructure of pyrolysates, 

exemplified here by P-450-10 sample (Fig.7. 1g-l), reflects to a great degree the dimensions of 

H2Pc crystals, which is especially evident in Fig.7. 1g-i. However, instead of a solid appearance, 

pyrolysate particles are mostly observed as sponge-like agglomerates of irregularly shaped 

fibres. At some sites of the sample, a continuous and denser morphology of agglomerates 

dominates, with less evident presence of the formations matching the shape and dimensions of 

H2Pc crystals (Fig.7. 1j-l). (It is likely that the more ordered structures were simply crushed 

during SEM sample preparation, or during pyrolysate extraction from the reactor.) Additionally, 

one should mention a minor presence of platelet-like formations, like the one seen in top-left 

part of Fig.7. 1i.  

Even though SEM revealed a fibrous morphology of pyrolysates, similar to MWCNTs, this 

technique is unable to discern whether the fibres have an inner cavity. To provide further 

structural details, we employed transmission electron microscopy. A series of representative 

HRTEM images of characteristic formations found in P-450-10 sample is shown in Fig.7. 2. In 

line with the results of SEM imaging (Fig.7. 1g-i), the dominating morphology is a fibrous one, 

with clear separations between individual fibres (Fig.7. 2a-c). The estimated length of the latter 

is several micrometres, with diameters of roughly 200 nm. While these dimensions match, in 

principle, those of common MWCNT, neither inner cavities nor concentric walls can be 

discerned here. Instead, the nanofibres appear as rather homogeneous and continuous 

structures. At other sites of P-450-10 sample (Fig.7. 2h,i), similar nanofibers are densely 

packed into micrometre-sized globular formations, which apparently match the morphology 

observed by SEM in Fig.7. 1j-l. As minor components, we also observed fused agglomerates of 

relatively compact nanoparticles (Fig.7. 2d-e), as well as rod-like formations (Fig.7. 2g), which 
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are generally reminiscent of MWCNTs, but have larger, micrometre-scale dimensions (including 

the diameter).  

 

Fig.7. 1. Comparison of representative SEM images, at different magnifications, for (a-c) pristine H2Pc crystals, (d-f) P-400-10 

sample and (g-l) P-450-10 sample. For P-450-10 sample, two general types of morphology were analysed: (g-i) the one 

matching the shape of starting H2Pc crystals, and (j-l) mostly disordered and denser morphology. Scale bars: (a,d,g,j) 10 μm, 

(b,e,h,k) 5 μm and (c,f,i,l) 0.5 μm.   
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Fig.7. 2. Representative HRTEM images, at different magnifications, of characteristic formations found in P-450-10 sample: 

(a-c) the dominating fibrous structures, with clear separations between individual fibres; (d-e) fused agglomerates of relatively 

compact nanoparticles; (g) a micrometre-sized rod; (h,i) a micrometre-sized globular formation composed of densely packed 

nanofibers.  

 

An important question to answer is under what conditions (temperature, pyrolysis duration 

and vacuum) the above structures can efficiently form. As was specified in the experimental 

section, a series of tests was performed at four selected temperatures of 350, 400, 450 and 500 

°C, with heating durations of 2, 5, 10 and 15 h (from the moment when the temperature 

stabilised). The temperature of 350 °C was too low, where no changes in H 2Pc crystal 

morphology were detected by SEM even after 15 h, regardless of whether the experiment was 

carried out in the quartz reactor under vacuum or in a Pyrex beaker under air (Fig.7. 3a). 
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Another extreme is the heating at 500 °C, where already after 2 h, more than a half of the starting 

phthalocyanine sublimed, leaving a minor amount (of ca. 10% of the starting reagent) at the 

bottom of the reactor (Fig.7. 3b). In other words, the residence time of H2Pc in the hot zone at 

500 °C is insufficient. Morphological changes were observed starting with 400 °C. At the same 

time, H2Pc crystals kept their integrity, and even after 10 h (quartz reactor under vacuum), only 

signs of their corrosion were observed by SEM, as can be seen from Fig.7. 1d-f. The temperature 

at which the rates of H2Pc pyrolysis and sublimation can roughly equilibrate is 450 °C. 

Interestingly, the product morphology generally does not depend on the heating duration, 

remaining essentially the same in the experiments performed at 2, 5, 10 and 15 h. The yields 

were poorly reproducible and fluctuated from 3 to 90%, which can be explained by impossibility 

to reproduce air leaks after closing the vacuum line. Nevertheless, the residual press ure turns 

out to be incomparably lower with respect to the atmospheric one: in a blank experiment with 

an empty sublimation system (without H2Pc and heating), it does not increase to more than 4 

Torr at 10 h after interrupting evacuation. For comparison, heating in a Pyrex beaker under air 

at 450 °C results in gradual burning of H2Pc, where the amount of solid residue after 2, 5, 6 and 

9-h heating was found to be about 23, 14, 1 and 0%, respectively, of starting phthalocyanine 

weight. On the other hand, H2Pc heated at 450 °C in a small (compared to the size of quartz 

reactor) vacuum-sealed vial did not undergo evident changes. The above observations point to 

the crucial role of minor amounts of air oxygen in the H2Pc pyrolysis process, supplied to the 

sublimation system due to air leaks.  

It is logical to expect that, as a result, oxygen covalently bonds to phthalocyanine 

macrocycles and/or to the products of their thermal transformations. In this case, it must be 

readily detected by spectroscopic techniques, first, by EDS coupled to SEM. In neat H 2Pc (brute 

formula C32H18N8), the C:N atomic ratio is 4:1 (or 80:20 to sum up to 100 at %), with no 

structural oxygen present. According to EDS analysis of P-450-10 sample probed at 19 different 

sites (representative results are shown in Fig.7. 4a), the content of C, N and O turned to be 

71.13-93.76, 0-31.54 and 3.64-7.26 at %, respectively, with the corresponding averaged values 

of 79.27, 14.60 and 5.40 at %. In other words, the per cent contribution of carbon remains 

approximately the same as in pristine H2Pc, but about 5.4 at% of nitrogen is substituted by 

oxygen. In line with the results of SEM imaging of P-400-10 sample (Fig.7. 1d-f), which is a 

product of the very early steps of H2Pc pyrolysis, the average O content is much lower than for 

the P-450-10 sample. Namely, the average content of C, N and O was found to be 77.6, 19.27 

and 3.01 at% from EDS analysis probed at 11 sites (representative results are exemplified in 

Fig.7. 4b) gave generally broader ranges of 71.27-83.56, 7.26-25.13 and 0.94-9.12 at%, 

respectively. These the above values reflect the surface composition of H2Pc crystals, whose 

interiors remain intact.  
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Fig.7. 3. Representative SEM images for: (a) P-350-10 sample for the experiment performed in a Pyrex beaker under air; (b) 

P-500-2 sample for the experiment carried out in the quartz reactor under vacuum. 

 

To give an insight into the chemical nature of new structural features resulting from H 2Pc 

pyrolysis, we employed FTIR and XPS spectroscopies. As one can see from Fig.7. 5a, the main 

infrared spectral features of pristine H2Pc in the lower-frequency region are the bands at 712-

727 (γCH), 870 (in-plane vibration), 1000 (N–H in-plane bending), 1092 (C–H in-plane 

deformation), 1187 (C–N in-plane bending), 1318 (δNH), 1437 (CC stretching in isoindole 

moieties), 1500 (C=N stretching) and 1608 cm -1 (C=C deformation of macrocyclic system).24 

The lower-intensity higher-frequency modes are due to aromatic νCH vibrations at 3011 and 

3048 cm-1, as well as νNH vibrations at 3288 cm-1. In the spectrum of the P-450-10 sample, the 

latter higher-frequency features do not exhibit substantial changes; nevertheless, the general 

background in this region is dominated by a low-intensity diffuse absorption band centred at ca. 

3500 cm-1, which is indicative of the formation of O–H functionalities. In a similar way, FTIR 

spectrum of the P-450-10 sample in the lower-frequency region shares most features with the 

spectrum of pristine H2Pc. At the same time, the signals tend to notably broaden due to the 

appearance of a large number of closely related structural elements. In addition, here one can 

see at least two new features. The first one is a broad and intense band at 1590 cm -1, which 

apparently combines aromatic νCC, νC=N, νC=O in quinones and/or conjugated ketones, and dNH 

vibrations in secondary amines. 25,26 The second feature at 1723 cm-1 corresponds to νC=O 

vibrations in COOH groups. What was totally unexpected is the appearance of a clearly 

distinguishable nitrile (νC≡N) band at 2227 cm-1, along with a small peak at 2165 cm-1 

attributable to νC≡C vibrations.  
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Fig.7. 4. Representative EDS results (C, N and O at%) for different selected SEM areas of (a) P-450-10 sample and (b) P-

400-10 sample.  

 

The deconvolution of C 1s and N 1s peaks in XPS spectra of P-400-10 and P-450-10 

samples (Fig.7. 5b) reveals a series of characteristic components found in the XPS spectrum of 

pristine H2Pc. 27 The common C 1s features are the lowest energy peak at 284.7 eV due to sp2 

carbon atoms in phenylene rings, the one at 286.3 eV corresponding to C atoms connected to 

two nitrogen atoms (N–C–N) and its satellite at 287.5-288.0 eV. One should note that C=O 

groups may also show a C 1s peak in the latter region, which would agree with the above 

interpretation of FTIR spectra, and that some contribution in the C 1s spectrum of P-400-10 at 
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~286 eV can be due to C–O bonds. In addition, the intermediate-energy peak at 285.5-285.8 

eV, detected for both pyrolysates, can be attributed to C atoms in a broken macrocyclic system. 

A special similarity between pristine and pyrolysed H2Pc can be observed in the case of N 1s 

deconvolution, where all three materials exhibit two peaks at 398.6-398.7 and 400.1-400.2 eV 

due to meso-bridging and central nitrogen atoms, respectively.27 As expected, the most 

interesting result is observed in O 1s spectra of the two pyrolysed samples. They are very 

different from one other. In the case of the P-400-10 sample, one can clearly separate two peaks 

at 531.6 and 533.8 eV. The former can be assigned to carbonyl groups C=O: such a peak can be 

found in XPS spectra of oxidised carbon nanomaterials including MWCNT 28 and graphene 

oxide (GO). 29 The presence of the higher-energy peak at 533.8 eV was interpreted elsewhere in 

different ways: for example, it was attributed to carboxylic functionali ties in GO, 30–32 as well as 

to C–O(H) and ether groups. 28,29 Interestingly, in the O 1s deconvolution for the P-450-10 

sample, corresponding to a more developed degree of pyrolysis, only one peak at 532.5 eV can  

be found. Again, different assignments can be suggested: in particular, to C=O/O –C=O groups, 
30–32or to a combination of COOH, anhydride, ester and lactone functionalities. 28 

The most striking changes due to pyrolysis were observed by Raman spectroscopy. As it is 

evident from Fig.7. 5c, almost no Raman features of pristine H2Pc can be found in the spectrum 

of the P-450-10 sample. Instead, two broad bands appear, which are centred at 1337 and 1585 

cm-1. This resulting general appearance of Raman spectrum is very typical and familiar within 

the area of carbon nanomaterials: the two modes observed are called disorder (D) and graphite 

(G) bands, which correspond to sp3 and sp2-hybridised carbon atoms. They can be found in the 

spectra of essentially all nanocarbons, at variable ID/IG intensity ratios, and at Raman shifts 

fluctuating within a few tens of cm-1. Particular values of the latter are as follows (D and G band, 

respectively): for CVD single-walled CNTs with defects, 1332-1351 and 1583-1590 cm-1 
20,21,33; for MWCNT, 1334-1355 and 1562-1604 cm-33–36; for graphene, 1339 and 1572 cm-1 
37; for GO, 1338-1355 and 1565-1590 cm-1 31,32,38; for nanodiamond, 1320 and 1590 cm-1 32,39. 

Furthermore, related nitrogen-doped materials exhibit a very similar spectral pattern, with the 

following examples of Raman shifts for D and G band, respectively: CNTs, 1360 and 1580 cm-

1 40; carbon nanoparticles, 1350 and 1585 cm-1 41; graphene, 1330 and 1580 cm-1 42. In the 

present case (Fig.7. 5c), an ID/IG intensity ratio close to 1 is indicative of an approximately equal 

contribution due to sp3 and sp2-hybridised atoms.    
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Fig.7. 5. (a) Comparison of FTIR spectra of pristine H2Pc and P-450-10 sample. (b) Deconvolution of C1s, N1s and O 1s 

components in XPS spectra of P-400-10 and P-450-10 samples. (c) Comparison of Raman spectra of pristine H2Pc and P-

450-10 sample.  

 

To more closely relate the products of H2Pc pyrolysis to a particular nanocarbon form, we 

compared TGA and DTA curves measured for the P-450-10 sample with those obtained for 

pristine H2Pc (Fig.7. 6a). As a general rule, when the presence of sp3-hybridised C atoms is 

insignificant, nanomaterial decomposes completely at 750-800 °C (for TGA measurements in 



 

 160 

 Chapter   7 

air atmosphere), as is observed for graphene 37 and purified SWCNT 33,43. In contrast, a high 

content of sp3-hybridised C atoms, which manifest itself in Raman spectra as a high-intensity D 

band, strongly reduces the final decomposition temperature in air to roughly 600 °C  as this is 

the case of the multi-walled CNTs, 32–36 GO 31,32,38 and nanodiamond 32,39. From the TGA curve 

presented in Fig.7. 6b, the material constituting the P-450-10 sample is at least as thermally 

stable as graphene and defect-free single-walled CNTs, exhibiting a final decomposition 

temperature of 827 °C. Here, the first minor weight loss of 4.5% is due to impurities adsorbed 

from air (including water), which is followed by two almost indistinguishable steps start ing at 

435 and 683 °C, with the corresponding DTA maxima at 574 and 778 °C. From comparison 

with the results of SEM and TEM imaging, one can suggest that these two steps match the 

existence of nanofiber phases of lower (Fig.7. 1g-i and Fig.7. 2a-c) and higher (Fig.7. 1j-l and 

Fig.7. 2h,i) packing density, respectively. In the case of neat H2Pc, the first slight weight loss of 

4.5% (apparently due to impurities) is followed by three main steps at 481-549 (25.2%), 549-

620 (30.8%) and 620-860 °C (39.7%), with the corresponding DTA peaks at 543, 596 and 

759 °C. The first two weight losses are very steep, whereas the third one is very similar to the 

main weight loss observed for the P-450-10 sample, both in terms of the slope and the final 

decomposition temperature. One can suggest that the residue formed after reaching ca. 600 °C 

is most likely very similar in structure and composition to the nanostructured products of the 

H2Pc pyrolysis (to the P-450-10 sample in particular). Overall, the TGA/DTA results were 

unexpected given the high content of sp3-hybridised carbon atoms in pyrolysed H2Pc found by 

Raman spectroscopy. 

 

Fig.7. 6. Comparison of TGA and DTA curves for (a) pristine H2Pc and (b) P-450-10 sample. 
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7.3.2.  Explanation by DFT 

Due to the high complexity of the phthalocyanine molecule and the need to consider 

intermolecular interactions in the solid phase, it is virtually impossible to suggest a 

straightforward mechanism of H2Pc oxidative pyrolysis. What we have attempted to do, 

employing DFT calculations (at the PBE-D/DNP level of theory), is to predict its very first steps: 

namely, how the interaction of macrocyclic molecules found on the surface of b-form of 

crystalline H2Pc with molecular oxygen can generate reactive chemical species, capable of 

further high-temperature transformations. First, one has to identify possible sites within an 

isolated H2Pc molecule, which can serve as a target for nucleophilic attack by a O2 molecule. 

Fig.7. 7a shows the electrostatic potential distribution in H2Pc along with atomic charges 

obtained from Mulliken population analysis. One can see that the most positively charged atoms 

(and thus, the most plausible sites for nucleophilic O2 addition) are the C atoms of 16-membered 

macrocyclic system. All of them are connected to two adjacent N atoms of the macrocycle and 

have an atomic charge from 0.263 (two pyrrole rings without H atom) to 0.291 (two pyrrole 

rings with H atom), providing an important contribution into both LUMO and HOMO orbitals 

of the phthalocyanine system (Fig.7. 7b). In turn, logically, the latter type of C atoms can attract 

an O2 nucleophile more efficiently.  

In a second step, we investigated the behaviour of the product of O2 addition onto the site 

identified above. Due to computational limitations, the model system considered included only 

two phthalocyanine molecules (referred to as 2H2Pc; Fig.7. 8a) laying at the crystal surface, 

with the same mutual orientation as the one observed in the b-crystalline form. In the optimised 

geometry of 2H2Pc, all intermolecular separations are >3.1 Å, except for one distance of 3.061 

Å (dotted line). The LUMO isosurface plot shown on the right of Fig.7. 8a indicates the possible 

site of nucleophilic attack by an O2 molecule (red arrows). After the addition of O2 onto the 

superior (that is, found on crystal surface) phthalocyanine molecule, the pyrrole ring where O 2 

was attached undergoes strong distortion from the macrocyclic plane, so that its N(H) atom 

approaches (dotted line) one of the H(C) atoms of the subsurface molecule (Fig.7. 8b). The 

formation energy for this species (denoted as 2H2Pc+O2) is 37.27 kcal/mol, i.e., the process is 

endothermic. To form a new N–H bond between the latter two atoms, a few existing covalent 

bonds have to be broken (marked with solid red lines) to avoid hypervalency. In the resulting 

structure (2H2Pc+O2_b; Fig.7. 8c), whose formation is highly endothermic (73.36 kcal/mol), 

the surface macrocycle turns out to be strongly distorted, and both surface and subsurface 

molecules become reactive due to the appearance of several sites with high unpaired electron 

density (spin density plot on the right of Fig.7. 8c). The most important factor for inducing 

further pyrolytic transformations is a radical character of the subsurface phthalocyanine species, 

acquired as a result of H atom abstraction by the surface H2Pc molecule. 
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Fig.7. 7. Isosurface plots computed for isolated H2Pc molecule: (a) electrostatic potential (isosurface at 0.016 arb. 

units.), with red and blue lobes corresponding to positive and negative potential, respectively, and atomic charges 

obtained from Mulliken population analysis; (b) frontier orbitals (isosurfaces at 0.03 arb. units.). 

 

 
Fig.7. 8. Proposed initial steps of H2Pc oxidative pyrolysis. (a) The model system has two phthalocyanine molecules (2H2Pc) 

with a mutual orientation as in the β-crystalline form. The distance of 3.061 Å (dotted line) is the only approach between the 

two molecules which is closer than typical separations of >3.1 Å. The LUMO isosurface (at 0.03 a.u.) plot shown on the right 

indicates a possible site of nucleophilic attack with O2 molecule (red arrows). (b) The product of nucleophilic addition of O2 

onto the surface phthalocyanine molecule of 2H2Pc model. The pyrrole ring where O2 attached undergoes strong distortion 

from macrocyclic plane, so that its N(H) atom approaches (dotted line) one of H(C) atoms of the subsurface molecule. To form 

a new N–H bond between the latter two atoms, a few existing covalent bonds have to be broken (marked with the solid 

red lines). In the resulting structure (c) the surface macrocycle turns out to be strongly distorted, and both molecules 

become reactive due to the presence of several sites with high unpaired electron density (spin density isosurface at 0.03 

arb. units. on the right).  
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7.4. Conclusions  

Heating free-base phthalocyanine H2Pc at temperatures around 450 °C under static 

vacuum prevents its sublimation recovery, but instead results in the formation of a carbonaceous 

material through oxidative pyrolysis. According to electron microscopy observations, the 

dominating morphology of pyrolysate is fibrous, usually with clear separations between 

individual fibres. The estimated length of the latter is several micrometres, with diameters of 

roughly 200 nm. While these dimensions match, in principle, those of common MWCNT, 

neither inner cavities nor concentric walls can be discerned by TEM. Instead, the nanofibers 

appear as rather homogeneous and continuous structures. According to elemental analysis by 

SEM-coupled EDS, the per cent contribution of carbon remains approximately the same as in 

pristine H2Pc, but about 5.4 at% of nitrogen is substituted by oxygen. FTIR and XPS 

spectroscopy suggest that the oxygen is incorporated into the nanofiber structure in the form of 

different functionalities containing C=O and C–OH bonds, which might include COOH, 

anhydride, ester and lactone groups. Raman spectroscopic measurements revealed an 

approximately equal contribution due to sp3 and sp2-hybridised carbon atoms, which suggests 

that the thermal stability of nanofibers must be similar to that of defect-containing CNTs, 

graphene oxide and nanodiamond, whose final decomposition temperature in air is roughly 

600 °C. Nevertheless, as follows from the TGA and DTA curves obtained, N-doped nanofibers 

are at least as thermally stable as graphene and defect-free SWCNT, exhibiting a final 

decomposition temperature of 827 °C.  

DFT calculations suggest that the oxidative pyrolysis of b-crystalline form of H2Pc can be 

initiated through nucleophilic addition of an O2 molecule onto one of the pyrrole rings of the 

phthalocyanine molecule laying at the crystal surface.  
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Outlook 

The research presented in this dissertation describes non-covalent interactions of single-

walled carbon nanotubes with four transition metal phthalocyanines and four rare earth double -

decker phthalocyanines characterized using a set of analytical techniques. Additionally, it 

provides an overview of the self-assembly of the macrocycles on a curved surface, the influence 

of the nature of the coordinated metal, structural defects and chirality of the nanotubes on 

certain electronic properties and structural changes of the phthalocyanines on the nanotube by 

molecular simulation. Despite this, some experimental aspects remain to be performed  as 

follows: 

 

- To explore the self-assembly of transition metal phthalocyanines on the surface of 

nanotubes by STM and compare them with the results obtained by molecular 

mechanics. Characterisation by STM is complicated by the curved surface of the 

nanotubes and the fact that the functionalised nanotubes remain in agglomerates rather 

than individual nanotubes. 

 

- The observed electrocatalytic activity of hybrids with cobalt and nickel phthalocyanine 

and the straightforward method of their synthesis opens the possibility of exploring the 

proposed materials for applications in anion exchange membrane water electrolysis 

(AEMWE). 

 

- To study the surface of carbon nanotubes functionalised with rare-earth double-decker 

phthalocyanines by XPS, HRTEM and STM. Since the bisphthalocyanines are 

considered single-molecule magnets, it is of interest to determine the magnetic 

properties for possible application in spintronic devices. 
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ABSTRACT

A density functional theory (DFT) analysis of the influence of Stone-Wales (SW) defect incorporated into an armchair and zigzag single-
walled carbon nanotube (SWCNT) models (ANT and ZNT, respectively) functionalized noncovalently with unsubstituted nickel(II) and
cobalt(II) phthalocyanines (MPcs, where M =Ni2+, Co2+) as representative Pcs was performed at the PBE-D/DNP level of theory. The data
obtained (bonding and frontier orbital energies, geometries, charge and spin distribution, etc.) were compared with the DFT results for
similar systems based on defect-free nanotube models. SW defect was incorporated into each nanotube model in different orientations with
respect to SWCNT axis, depending on whether the (7,7) junction is tilted (ANT_SW-T and ZNT_SW-T models), parallel (ANT_SW-P), or
perpendicular (ZNT_SW-P) with respect to the SWCNT axis. The formation energy of SW defect-containing SWCNTs depends on the defect
orientation and nanotube chirality, decreasing in the order of ANT_SW-P > ZNT_SW-T >ANT_SW_T > ZNT_SW-P; in all cases, HOMO-
LUMO gap narrowing was observed. Phthalocyanine molecules in MPc + SWCNT_SW complexes undergo strong bending distortion in
order to increase the area of their contact with the nanotube sidewall. As compared to NiPc and CoPc dyads with defect-free nanotubes, for-
mation energy ΔE decreased (that is, bonding strength increased) for three complexes, for four complexes an opposite effect was found, and
in one case the variation was negligible. For most dyads, gap narrowing was observed, as compared to both defect-free complexes and SW
defect-containing isolated nanotube models.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128629

I. INTRODUCTION

The covalent and noncovalent functionalization of carbon
nanotubes (CNTs), of both multiwalled and single-walled CNTs
(MWCNTs and SWCNTs, respectively), with macrocyclic com-
pounds such as phthalocyanines (Pcs), has been addressed in
numerous studies due to a broad spectrum of applications such
nanohybrid materials can offer. They include Li/SOCl2 batteries,1

nonlinear optical materials,2 catalysts for the CO2
3 and O2

4,5 reduc-
tion reactions, photovoltaic and photoelectronic devices,6–9 molecu-
lar spin-valves,10 as well as electrochemical sensors for a variety of
gases and solutes.11,12 Performance of all the above functional
materials and devices relies upon the particular distribution and
position of Pc molecules on CNT sidewalls (especially in the case

of noncovalent functionalization, when π-π stacking interactions
between the aromatic rings are explored), the nature of central
metal atoms in the Pc molecules, as well as the CNT size and chi-
rality.13 In this context, it is necessary to take into account that
carbon nanotubes (as any graphene-derived materials) do not
possess a perfect structure, since they usually include different
types of topological defects incorporated during their growth (syn-
thesis) or purification, irradiation, or chemical workup. The most
important of them to mention are vacancies, Stone-Wales (SW)
defects, octagon-pentagon pairs, as well as adatoms, all of which
can significantly change the electrical, chemical, and mechanical
properties of carbon nanomaterials.14–18

The formation of SW defect consists in the 90° rotation of
only two carbon atoms (C–C) in the plane of hexagonal network,
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creating two pairs of five-membered and seven-membered rings
(5775). As a result, this defect is the only mechanism of defect gen-
eration that does not alter the nature of sp2 backbone.15,18–20 The
abundance of SW defects might be desirable for many novel chemi-
cals and electronic applications employing CNT network forma-
tion. The defect formation and its effects on the structural and
electronic properties of nanotubes have been examined theoretically
by a number of researchers14,16,20–27 who have demonstrated that
incorporation of SW defects can reduce or close the bandgap in
large-bandgap CNTs and therefore increase their metallic charac-
ter,16,23,28 or on the contrary, it can induce bandgap opening in
narrow-bandgap carbon nanotubes. Naturally, the number of SW
defects and their orientation in the tube can further enhance the
change from a semiconductor nanotube to a metallic conductor, as
well as modify its chirality and diameter.14,24 Other previous related
studies showed that the nanotube stability increases as the defects are
found closer to the open end of the single-walled carbon nanotube
(SWCNT)15 and that C–C bonds associated with SW defects are
more reactive compared to those in a perfect hexagon,20,27 thus
enhancing the adsorption of ozone,26 Ni atoms,27 and alkanethiol
molecules,29 as well as in covalent bond formation when interacting
with carboxyl groups,30 methylene CH2,

20 and amine groups.31,32

In spite of the importance of all the phenomena mentioned
above, the relevant information on the influence of SW defects on
structural, chemical, and physical properties for a wide variety of
hybrid systems based on CNTs is relatively scarce and at times con-
troversial. This is especially true for nanotubes noncovalently func-
tionalized with such important compounds as Pcs. For example, a
few studies (including our own reports) addressed the adsorption
of Pcs on defect-free carbon nanotubes,13,33–36 but only one was
focused on the adsorption of free-base phthalocyanine (H2Pc) on
SW defect-containing SWCNT models.19 One should specially
emphasize that versatile experimental characterization of carbon
nanohybrids noncovalently functionalized with organic compounds
is not an easy task and commonly requires the participation of a
large set of analytical techniques. Nevertheless, even in this case,
the data provided are often insufficient to make well-grounded
conclusions on the mechanisms of interaction of organic function-
alizing species with a carbon nanomaterial.35 Under such circum-
stances, it is necessary to employ theoretical tools, in particular,
density functional theory (DFT) calculations, which are capable of
providing valuable information on the geometry, stability, and
electronic characteristics of Pc–carbon nanocluster (for example,
carbon nanotubes34–36 and fullerenes37–39).

The goal of the present paper was to carry out a DFT analysis
of the influence of SW defect incorporated into armchair and zigzag
SWCNT models functionalized noncovalently with unsubstituted
nickel(II) and cobalt(II) phthalocyanines (MPcs, where M =Ni2+,
Co2+) as representative Pcs. The data obtained are compared with
our previous DFT results reported for similar dyads of MPcs with
defect-free nanotube models.34

II. METHODS

To carry out a valid comparison of DFT calculations on
MPc hybrid systems with SW defect-containing nanotube
(MPc + SWCNT_SW) models, the same computational

methodology was applied as in the previous analysis of MPcs
adsorbed on defect-free SWCNT models (MPc + SWCNT).34 The
DFT functional of choice was Perdew-Burke-Ernzerhof (PBE) in
combination with a long-range dispersion correction by Grimme
(PBE-D), due to the need to account for dispersion interactions,
which is very important in noncovalently bonded molecular
systems. The software package employed for calculations was the
Materials Studio 6.0 (from Accelrys, Inc.) including DMol3

module, with numerical DNP basis set, having a polarization
d-function added on all nonhydrogen atoms and a polarization
p-function added on all H atoms. This approach has been success-
fully applied to describe different types of bonding (covalent and
noncovalent) between tetraazamacrocyclic (including porphyrins
and Pcs) and many other compounds with fullerene, graphene, gra-
phene oxide, nanodiamond, and carbon nanotube models.35,37–43

In all calculations, we used the “all-electron” core treatment with
Fermi orbital occupation (no thermal smearing). A global orbital
cutoff was set to 4.7 Å; “fine” quality and convergence criteria
(energy gradient, 10−5 Ha; maximum force, 0.002 Ha/Å; maximum
displacement, 0.005 Å; self-consistent field tolerance, 10−6) were
the settings we used for full geometry optimization and calculations
of electronic parameters. For open-shell systems containing cobalt,
the calculations were spin-unrestricted with maximum step size of
0.1 Å, whereas for closed-shell systems with nickel the latter was set
to 0.02 Å and the calculations were spin-restricted.

The formation energies for SW defects were calculated as

ΔESW ¼ Edef � Eperf , (1)

where Edef and Eperf are the total energies of the nanotube with
and without defects, respectively.44,45 The formation energies
ΔEMPc + SWCNT (hereafter, simply ΔE) for the noncovalent dyads of
MPcs with SWCNT models were calculated using the following
general equation:

ΔEMPc þ SWCNT ¼ EMPc þ SWCNT þ (ESWCNT þ EMPc), (2)

where Ei is the corresponding absolute energy.

III. RESULTS AND DISCUSSION

A. Stone-Wales defects in SWCNT models

The carbon nanotube models employed to study the influence
of SW defect on the noncovalent interactions of SWCNTs with
CoPc and NiPc were derived from the armchair (5,5) and zigzag
(10,0) nanotubes (ANTs and ZNTs, respectively), which are com-
posed of 120 and 140 carbon atoms, and whose ends are capped
with C60 and C80 (spherical with Ih symmetry) fullerene hemi-
spheres, respectively.34–36,46,47 The incorporation of SW defect in
the nanotube is possible in two different ways depending on the
defect orientation with respect to the SWCNT axis (Fig. 1). In one
of them, the (7,7) junction is tilted with respect to the SWCNT
axis; correspondingly, the defects are referred to as SW-T, and
nanotube models as ANT_SW-T and ZNT_SW-T. The other two
alternative models contain SW defect with the (7,7) junction paral-
lel in ANT and perpendicular in ZNT with respect to the nanotube

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 127, 025302 (2020); doi: 10.1063/1.5128629 127, 025302-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


axis (SW-P notation in both cases; ANT_SW-P and ZNT_SW-P
models). These nanocluster models were used in the recent analysis
of adsorption of base-free phthalocyanine on SWCNTs with SW
defects.19

In the present study, the structures of isolated four models of
defective nanotubes were fully optimized, and their computed
properties including geometric parameters (bond lengths, bond
angles, and dihedral angles); formation energies; HOMO, LUMO,
and LUMO-HOMO gap energies; and Mulliken charge distribution
were compared to those of defect-free ANT and ZNT nanotubes.
The calculated energy of SW defect formation for any particular
CNT with diameter d increases monotonically with the angle θ
made by the rotating C–C bond with the tube axis in perfect nano-
tube. Their values were calculated by taking into account the total
energies as presented in Table I and those published previously for
defect-free ANT and ZNT:34 they are 71.02 (ANT_SW-P; θ = π/2),
49.39 (ANT_SW_T; θ = π/6), 63.84 (ZNT_SW-T; θ = π/3), and
33.93 kcal/mol (ZNT_SW-P; θ = 0). Pan et al.,24 as well as Kabir
and Van Vliet,44 when considering a series of periodic nanotube
models with chiralities (n,0) and (n,n), reported on a similar behav-
ior as a function of the orientation of SW dislocation dipole θ and
diameter. In particular, they indicated that the greater the diameter
the greater the formation energy for any particular θ or orientation
of SW defect, converging toward the value calculated for graphene
(114.38 kcal/mol).44 For the periodic nanotube models with partic-
ular chiralities (10,0) and (5,5), the same authors44 reported SW
defect formation energies between ca. 67 and 85 kcal/mol (depend-
ing on the angle θ), which can be considered rather close to our
values, taking into account the differences between models (peri-
odic vs cluster) and theoretical levels.

One of the first visible changes due to the incorporation of
pentagons and heptagons as imperfections in the sp2 hexagonal
lattice is the distortion of curvature of the nanotubes48,49 after

FIG. 1. Optimized geometries for armchair (ANT) and zigzag (ZNT) nanotube
models, incorporating SW defects in parallel (in ANT) or perpendicular (in ZNT)
and tilted orientation (SW-P and SW-T, respectively) of the (7,7) junction with
respect to the nanotube axis. Two pentagonal and two heptagonal rings forming
SW defect (16 carbon atoms) are highlighted in red. θ is the angle between the
rotating C−C bond in the pristine SWCNT and the nanotube axis.
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geometry optimization, as can be seen in Fig. 1. The presence of
these defects generates an increase and/or decrease simultaneously
in the diameter of nanotube within the same structure.50,51 The
variation in diameter depends on a particular orientation of [7,7]
C–C bond, whereas in a defect-free closed-end nanotube, the
diameter is a function of the size of the fullerene cap only. The cor-
relation between the angle θ of rotating C–C [6,6] bond and ΔESW
value can be explained qualitatively in terms of the curvature-
induced rehybridization upon the defect formation. The Coulomb
repulsion inside the nanotube increases with increasing curvature,
leading to significant rehybridization within σ and π orbitals. The
real hybridization in CNTs is intermediate between sp2 and sp3,
that is, sp2 + τ.44 For a particular CNT with diameter d, the rehy-
bridization τ decreases with increasing θ. For the defect-containing
structure (SWCNT_SW), the local curvature at the site of C–C
bond rotation increases for higher θ and correspondingly τ
decreases, which in turn increases ΔESW

44 (Table I). Also, when
comparing the length of the rotating C–C bond for nanotubes
without and with the defect, we find it to be shorter in the latter
case (Table II). The resulting difference (Δb = bperf− bdef ) is larger
for larger θ values: ANT_SW-P (θ = π/2) > ANT_SW-T (θ = π/6)
and ZNT_SW-T (θ = π/3) > ZNT_SW-P (θ = 0). Thus, the struc-
tures ANT_SW-T and ZNT_SW-P are lower in energy than
ANT_SW-P and ZNT_SW-T models due to comparatively higher
rehybridization. This phenomenon was observed for periodic nano-
tube models (with no closed ends).44

Another type of geometric parameters convenient for the
characterization of structural changes due to SW defect is dihedral
or torsion angles (f). Figure 2 shows the fragments (16 carbon
atoms) of geometries optimized for defect-free ANT and ZNT and
those incorporating Stone-Wales defects in different orientations,
along with the set of values of dihedral angles for each fragment.
One can see that in defect-free ANT, the angles perpendicular to
nanotube axis [fp; for example, C(1)–C(2)–C(3)–C(15) in ANT-P]
have zero values, whereas “horizontal” angles [fh; exemplified by C
(14)–C(1)–C(2)–C(3) in ANT-P] parallel to the nanotube axis vary
between −21.9° and 21.9° for both perpendicular (ANT-P) and
tilted orientations (ANT-T) of the central C–C bond. In the case of
zigzag chirality (ZNT-P and ZNT-T), fp varies between −20.7°
and 20.9° and fh between −5.6° and 6.8°. The introduction of an
SW defect results in generally strong distortion of dihedral angles,
which can be illustrated by the following ranges for each particular
SWCNT model: for ANT_SW-P, fp between −48.5° and 48.8°, and

fh between −26.6° and 26.7°; for ANT_SW-T, fp between −13.1°
and 14.8°, and fh between −29.8° and 30.6°; for ZNT_SW-P, fp

between −24.0° and 24.1°, and fh between −16.7° and 15.0°; for
ZNT_SW-P, fp between −40.5° and 26.2°, and fh between −32.1°
and 20.1°. At the same time, the corresponding bond angle distor-
tion turns to be relatively small in all cases.

The difference between HOMO and LUMO levels represents
the bandgap energy.50,52 Since bandgap is one of the critical param-
eters in the design of CNT-based systems for electronic applica-
tions, its behavior upon SW defect formation is of special
interest.43 Table I compares bandgap values for ANT and ZNT
models without and with SW defects. Regardless of nanotube chi-
rality and defect orientation, gap narrowing is observed. For SW-P
models, gap energy decreases from 0.648 (defect-free ANT) and
0.388 eV (defect-free ZNT) to 0.316 and 0.089 eV, respectively; for
the corresponding SW-T models, the decrease is less significant to
0.576 and 0.128 eV, respectively. In other words, the least effect is
found for ANT_SW-T. Besides that, armchair (5,5) nanotube
models studied systematically exhibit a broader bandgap as com-
pared to zigzag (10,0) models, which can be attributed not only
to chirality, but to diameter (and consequently sidewall curvature)
as well.51 One can add that in chemical terms, a smaller
HOMO-LOMO gap implies higher reactivity and correspondingly
lower stability.14

Incorporation of SW defect results in frontier orbital redistri-
bution, which is illustrated by HOMO-LUMO plots in Fig. 3. Its
extent depends on the particular nanotube model. The most pro-
nounced changes can be found for HOMO of ANT_SW-P and
LUMO of ANT_SW-T (as compared to the lobe shape in parent
defect-free model), where the most visible feature is large lobes
localized on SW defect.

One more aspect of interest we addressed is the atomic charge
redistribution caused by the defect incorporation, by using the
Mulliken population analysis. The results presented in Fig. 2
include both individual charges on the 16 carbon atoms participat-
ing in SW defect formation and the total charge on this structural
unit. The latter is positive in all cases before C–C bond rotation,
from 0.012 to 0.056 e. They remain to be positive for three of four
defect-containing structures, with the largest changes found for
ZNT_SW-T (from 0.026 to 0.054 e) and the smallest one for
ANT_SW-P (from 0.028 to 0.030 e). In other words, in the above
two transformations, electron acceptor properties increase. In the
remaining two cases of ANT_SW-T and ZNT_SW-P, a gain in
electrons is observed, from 0.012 to −0.016 e and from 0.056 to
0.031 e, respectively; that is, SW defect in ZNT_SW-P remains to
be an electron acceptor, contrary to its counterpart in ANT_SW-T,
whose total charge becomes negative (like it was found elsewhere53

for 585 defects). Noteworthy, the C atoms of [7,7] junction in most
SW defect units keep the positive sign of charge of [6,6] bond
atoms in defect-free nanotubes with the exception of
ZNT_SW-P. In the case of ANT_SW_P and ZNT_SW-T, the posi-
tive charge increased, whereas in ANT_SW-T it decreased. It is
also interesting to note that heptagon ring atoms tend to gain elec-
trons, whereas pentagons generally lose them. Such charge redistri-
bution is a factor that influences the reactivity and explains the
mechanisms of covalent and noncovalent interaction with various
chemical species.54,55

TABLE II. Carbon-carbon bond lengths before (SWCNT) and after rotation
(SWCNT_SW) for zigzag and armchair nanotubes studied here. Bond lengths for
different defect orientations are shown. The difference between bond lengths for
pristine and defected structures is calculated as (Δb = bperf− bdef ).

SWCNT
[6,6] C–C
bond, Å SWCNT_SW

[7,7] C–C
bond, Å

Δb =
bperf− bdef

ANT-P 1.4400 ANT_SW-P 1.3620 0.0780
ANT-T 1.4200 ANT_SW-T 1.3980 0.0220
ZNT-P 1.4150 ZNT_SW-P 1.3780 0.0370
ZNT-T 1.4280 ZNT_SW-T 1.3470 0.0810
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FIG. 2. Fragments (16 carbon atoms; other atoms are omitted for clarity) of geometries optimized for defect-free ANT and ZNT (top structures) and those incorporating
Stone-Wales defects in different orientations (bottom structures), along with the values of dihedral angles (in degrees; only atom numbers without “C” symbols are shown
for simplicity) and Mulliken population charges. The numbers in blue denote negative charges, and in red, positive charges of carbon atoms. The underlined values
(upper right corner of each fragment) specify the total charge on the 16 atoms.
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B. MPc + SWCNT_SW dyads

The length of nanotube models with SW defect employed in
our calculations is barely enough to accommodate one MPc mole-
cule, with its overwhelming part contacting the tubular part. We
made attempts to use longer models; however, this dramatically
increased computational cost and, most importantly, caused serious
convergence problems, especially in the case of open-shell systems.
The choice of spin-restricted vs unrestricted calculations on
MPc + SWCNT_SW hybrids was based on the spin state of the
central metal atom in MPc component, that is, for Ni-containing
systems closed-shell calculations were performed, whereas those
including Co atoms were treated as open-shell systems.

To analyze the influence of SW defect on different parameters
characterizing the noncovalent interaction of SWCNTs with CoPc
and NiPc, a comparison was done with the results of previous DFT
computations on the adsorption of the same phthalocyanines with
defect-free ANT and ZNT.34 The data obtained are summarized in
Table I, which shows the total energies for separated components
and noncovalent hybrids MPc + SWCNT_SW; formation energies
ΔE for the hybrids; HOMO, LUMO, and HOMO-LUMO gap ener-
gies; the shortest M…CSWCNT, N…CSWCNT, and CMPc

…CSWCNT

distances between MPc and SWCNT; as well as N-M-N angles in
metal phthalocyanine molecules.

The optimized geometries of all MPc + SWCNT_SW hybrids
considered here exhibit the important feature typical for noncova-
lent complexes of phthalocyanines with a variety of nanotubes,
including both cluster19,35 and periodic models13,33,56 of different
diameters and chiralities, studied at different levels of DFT. It

consists in strong bending distortion of a usually planar macrocy-
clic ring system in order to increase the area of its contact with the
nanotube sidewall, as illustrated in Fig. 4. The degree of distortion
can be quantitatively interpreted by comparing the values of

FIG. 3. HOMO and LUMO plots (isosurfaces at 0.03 a.u.) for Stone-Wales defect-containing armchair (ANT) and zigzag (ZNT) nanotube models. Two pentagonal and
two heptagonal rings forming SW defect (16 carbon atoms) are highlighted in red.

FIG. 4. Optimized geometries for noncovalent dyads MPc + SWCNT_SW, illus-
trating bending distorsion of the macrocycle ring plane.
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N-M-N angles (diagonally opposite nitrogen atoms of the coordi-
nation sphere MN4) in isolated MPc, which are approximately
179°–180°, with those in macrocycle adsorbed on SWCNT
(Table I). One can see that the strongest distortion occurs for both
dyads with ZNT_SW-P, where N-M-N angle decreases to 175.6° in
CoPc and to 174.2° in NiPc. The strong noncovalent interactions
between SWCNT and phthalocyanine make the central metal atom
move slightly toward the nanotube sidewall out of the macrocyclic
plane. This behavior is similar to the one observed for MPc dyads
with defect-free SWCNT models,34 including the fact that the
distortion is generally greater on ZNT.

The shortest distance between metal and carbon atoms of
nanotube defect (M…CSWCNT; Table I) spans from 2.899 Å in
CoPc + ANT_SW_T to 3.150 Å in NiPc + ZNT_SW-T. Compared
to the corresponding distances in hybrids with defect-free nano-
tubes, they tend to slightly increase for ANT_SW-P and
ZNT_SW-T (roughly by 0.05–0.10 Å) and to decrease in the case
of ANT_SW-T and ZNT_SW-P (by 0.07–0.12 Å). The longest
M…CSWCNT distances were found in the complexes of the zigzag
model with SW-T defects of 3.137 Å for CoPc and 3.150 Å for
NiPc. The nitrogen atoms forming shortest N…CSWCNT distances
can be those belonging to MN4 coordination sphere or γ-N atoms

FIG. 5. HOMO and LUMO plots (isosurfaces at 0.03 a.u.) for the noncovalent complexes of CoPc and NiPc with Stone-Wales defect-containing armchair (ANT) and
zigzag (ZNT) nanotube models.
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(the latter situation being observed more frequently), with the
separations of 3.035–3.186 or 3.034–3.110 Å, respectively. The
closest contact between heteroatoms in MPc and SWCNT is not
always M…CSWCNT: in three complexes (CoPc + ZNT_SW-T,
NiPc + ANT_SW-P, and NiPc + ZNT_SW-T) of eight, it is
N…CSWCNT. Furthermore, in half of the dyads, CMPc

…CSWCNT

turns to be the shortest separation: namely, for CoPc + ANT_SW-P
(2.951 Å), CoPc + ZNT_SW-T (2.941 Å), NiPc + ANT_SW-P
(2.982 Å), and NiPc + ZNT_SW-T (3.007 Å).

The most important issue we intended to address is how SW
defect incorporation influences the strength of MPc bonding to
SWCNTs. Compared to MPc complexes with defect-free nano-
tubes,34 ΔE values decrease (that is, bonding strength increases)
for three complexes CoPc + ANT_SW-P, CoPc + ANT_SW-T,
and NiPc + ZNT_SW-P by 0.89, 2.14, and 0.39 kcal/mol, respec-
tively (Table I). For four complexes CoPc + ZNT_SW-T,
CoPc + ZNT_SW-P, NiPc + ANT_SW-P, and NiPc + ZNT_SW-T,
an opposite effect was found, where ΔE increases by 0.39, 2.1, 0.74,
and 0.2 kcal/mol. In the case of NiPc + ANT_SW-T, the variation is
negligible (an increase by 0.01 kcal/mol). In general, binding
for ANT models is stronger (by 1.25 kcal/mol for CoPc and
0.73 kcal/mol for NiPc) with SW_T defect than with SW-P, in con-
trast to ZNT nanotubes where the interaction with SW-P is stronger
(by 1.71 kcal/mol for CoPc and 0.59 kcal/mol for NiPc) than that
with SW_T, similar to the adsorption of free-base H2Pc on the same
nanotube models.19 In other words, the interaction strength depends
on both SWCNT chirality and orientation of SW defect, matching
the order of defect formation energies of ANT_SW-P > ANT_SW_T
and ZNT_SW-T > ZNT_SW-P (see Sec. III A).

We also analyzed the calculated HOMO, LUMO, and
HOMO-LUMO gap energies (Table I) as well as the corresponding
orbital plots (Fig. 5). Compared to the gap width calculated for
CoPc and NiPc with defect-free SWCNTs,34 SW defect-containing
complexes exhibit variable behavior. For most (six of eight) dyads,
gap narrowing can be observed, which is the least for
NiPc + ZNT_SW-T (by 0.008 eV) and the most considerable one
for CoPc + ANT_SW-P (by 0.333 eV). The two exceptions are com-
plexes with ZNT_SW-P, where Egap insignificantly increased by
0.014 (CoPc) and 0.016 eV (NiPc). In terms of magnitude of the

change, the strongest one is found for both complexes with
ANT_SW-P, for which gap energy reduces more than by half: by
0.333 (CoPc) and 0.332 eV (NiPc). When comparing gap energies
for MPc + SCWNT_SW complexes with those of the respective iso-
lated nanotube models, one can see that noncovalent bonding with
phthalocyanines tends to narrow HOMO-LUMO gap; the excep-
tion is NiPc + ANT_SW-T, where Egap increases insignificantly, by
0.001 eV. As a whole, regardless of the presence of defect, the gap is
considerably broader for all hybrids with ANT than that with ZNT,
matching Egap of the corresponding isolated nanotube models.
Further differences between them depend more on SW defect ori-
entation, rather than on the central metal atom.

A closely related aspect is frontier orbital distribution. In CoPc
and NiPc hybrids with defect-free ANT and ZNT, both HOMO
and LUMO are localized mainly on carbon nanoclusters.34 The
presence of SW defect gives rise to variation in HOMO-LUMO distri-
bution in all dyads (Fig. 5), but to a different degree, depending on a
particular system. For most of them, the above pattern with HOMO
and LUMO observed mainly on SWCNT remains. Additionally, a
variable minor fraction of both orbitals can be found on MPc, being
most evident for HOMO in CoPc + ANT_SW-T. Only the two com-
plexes with ZNT_SW-T exhibit behavior contrasting with the others.
Here, HOMO is shifted almost completely to MPc, and LUMO is
localized exclusively (for the given isosurface value of 0.03 a.u.) on
nanotube, which corresponds to the most common pattern for non-
covalent hybrids of porphyrins and phthalocyanines with carbon
nanoclusters (nanotubes and fullerenes), thus being indicative of
weak charge transfer.35,39

Finally, for open-shell systems containing paramagnetic CoPc,
we analyzed spin density plots (Fig. 6). The parent defect-free com-
plexes CoPc + ANT and CoPc + ZNT34 had two very different pat-
terns of spin distribution. The “typical” one, in which unpaired
electron density is localized exclusively on the central Co atom, was
found only on the zigzag nanotube, whereas in the former, spin
density was totally shifted to the donor nitrogen atoms. In the
present study, all the dyads (including ANT-based ones) match the
“typical” pattern of CoPc + ZNT.34 An additional feature found in
CoPc + ANT_SW-P, CoPc + ANT_SW-T, and CoPc + ZNT_SW-P
is the appearance of minor spin lobes on carbon atoms of the

FIG. 6. Spin density plots (isosurfaces at 0.01 a.u.) for open-shell noncovalent complexes of CoPc with Stone-Wales defect-containing armchair (ANT) and zigzag (ZNT)
nanotube models.
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SWCNT model, at the site of contact between the interacting units
(CoPc + ANT_SW-P and CoPc + ANT_SW-T) or even as far from
it as at the closed nanotube cap (CoPc + ZNT_SW-P).

IV. CONCLUSIONS

The main results can be summarized as follows:

− The formation energy of SW defect-containing SWCNTs depends
on the defect orientation and nanotube chirality, decreasing
in the order of ANT_SW-P (71.02 kcal/mol) > ZNT_SW-T
(63.84 kcal/mol) > ANT_SW_T (49.39 kcal/mol) > ZNT_SW-P
(33.93 kcal/mol).

− In all cases, HOMO-LUMO gap narrowing is observed. For
SW-P models, gap energy decreases from 0.648 (defect-free
ANT) and 0.388 eV (defect-free ZNT) to 0.316 and 0.089 eV,
respectively; for the corresponding SW-T models, the decrease is
less significant, to 0.576 and 0.128 eV.

− Phthalocyanine molecules in MPc + SWCNT_SW complexes
undergo strong bending distortion in order to increase the area
of their contact with the nanotube sidewall, like in the case of
similar dyads with defect-free nanotubes.13,19,33–35,56

− As compared to NiPc and CoPc complexes with defect-free
nanotubes, formation energy ΔE decreases (that is, bonding
strength increases) for three complexes CoPc + ANT_SW-P,
CoPc +ANT_SW-T, and NiPc + ZNT_SW-P by 0.89, 2.14, and
0.39 kcal/mol, respectively. For four complexes CoPc + ZNT_SW-T,
CoPc + ZNT_SW-P, NiPc + ANT_SW-P, and NiPc + ZNT_SW-T,
an opposite effect was found, where ΔE increases by 0.39, 2.1, 0.74,
and 0.2 kcal/mol. In the case of NiPc + ANT_SW-T, the varia-
tion is negligible (an increase by 0.01 kcal/mol).

− For most dyads, gap narrowing can be observed, which is the
smallest for NiPc + ZNT_SW-T (by 0.008 eV) and the largest
for CoPc + ANT_SW-P (by 0.333 eV), as compared to the
defect-free systems. For the complexes with ZNT_SW-P, Egap
insignificantly increased by 0.014 (CoPc) and 0.016 eV (NiPc).
As compared with gap energies of the respective isolated nano-
tube models, noncovalent bonding with phthalocyanines also
tends to narrow the HOMO-LUMO gap.
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Distortion of yttrium bisphthalocyanine (YPc2) upon noncovalent 
interaction with carbon nanotubes: A DFT study 
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A B S T R A C T   

We performed a DFT analysis of the changes in geometry and some electronic properties of yttrium bisph-
thalocyanine YPc2 when forming noncovalent hybrids with two single-walled carbon nanotube models, having 
armchair (ANT) and zigzag (ZNT) chiralities. The Perdew-Burke-Ernzerhof functional in combination with a 
long-range dispersion correction by Grimme (PBE-D) and the double numerical basis sets of variable size (DN, 
DND and DNP) was used. We found that YPc2 molecule suffers binding distortion in order to increase the area of 
contact with nanotube sidewall, which enhances interaction between the two components. YPc2 bonding is 
stronger with ZNT nanotube, of − 43.8 kcal/mol, vs. − 37.1 kcal/mol for YPc2 + ANT complex (as calculated with 
DNP basis set). The height of bisphthalocyanine molecule in the dyads dramatically increases compared to that 
calculated for isolated YPc2, whereas the calculated N-Y-N angles in YN4 coordination change very insignifi-
cantly. In all cases, a minor HOMO-LUMO gap narrowing is observed. For YPc2 + ANT the gap tends to match the 
one for isolated YPc2, whereas for YPc2 + ZNT it is much closer to the band gap of ZNT. The calculated HOMO, 
LUMO and spin density plots are analyzed.   

1. Introduction 

Phthalocyanine (Pc) and its substituted derivatives have attracted a 
great interest in recent years, owing to their unique physicochemical 
properties resulting from their extended aromatic conjugation system, 
as well as the ability to coordinate with a variety of metal ions [1]. 
Depending on the oxidation state and size (i.e., ionic radius) of the 
central metal (M), single-decker phthalocyanines (also called mono-
phthalocyanines, MPcs), double-decker (bisphthalocyanines; MPc2), 
triple-decker (M2Pc3), etc., structures can be formed. In addition, Pcs 
can have peripheral substituentes, which can be crucial to modify such 
properties as solubility [2–7]. 

The conventional single-decker phthalocyanines MPcs are 2D 
macrocyclic planar aromatic molecules (where Pc2- is phthalocyaninate 
anion C32H16N8

2-) with D4h symmetry, which consists of four isoindole 
units connected through nitrogen atoms known as azomethine nitrogens 
(γ-N). The ligand Pc2- is capable of binding various divalent transition 
(especially 3d) metal cations M(II) (Fig. 1a) [5–7]. Phthalocyanines are 
characterized by high thermal and chemical stability: many of them do 
not decompose up to 550 ◦C and can sublimate. Furthemore, they have 

the ability to self-assemble into stacks through π-π supramolecular in-
teractions, and possess remarkable optical and catalytic properties 
[6–11]. 

The coordination with large metal ions such as rare earths 
comprising lanthanides (Ln), yttrium (Y) and scandium (Sc) produces 
double-decker structures, where the rare-earth ion is sandwiched be-
tween two phthalocyanine ligands, with face-to-face stacking, forming a 
structure with (ideally) D4d symmetry (Fig. 1b) [12–14]. The neutral 
forms of these molecules are generally radical complexes (as confirmed 
by electron paramagnetic resonance studies). Bisphthalocyanines 
composed of a trivalent central metal M3+, a dianionic macrocycle Pc2- 

and a monoanionic radical ligand Pc•- (that is, [M3+(Pc2-)(Pc•-)]) 
represent an important family of compounds not only due to the fact that 
they share unique properties of MPcs, but also because they can behave 
as single-molecule magnets (SMMs). The latter circumstance makes 
them especially attractive for the development of spintronic devices for 
high-density and energy-efficient information storage and processing 
[12,15–18]. SMMs are high-spin molecules with strong easy-axis mag-
netic anisotropy, exhibiting slow magnetization relaxation at a certain 
blocking temperature (TB). One of the problems is that most SMMs, show 
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behavior similar to that of a macroscopic magnet, having TB below 3 K 
[15,19,20]. Previous attempts to solve it focused on designing and using 
polymetallic transition complexes. Nevertheless, the increased total 
spins were usually accompanied by more symmetric structures that 
often counteract the anisotropies, creating a small energy barrier [19, 
21]. As an alternative, rare-earth bisphthalocyanines, which are 
mononuclear complexes, display the highest TB reported to date, up to 
approximately 54 K, as a consequence of their well-defined anisotropy, 
which is in turn caused by the ligand field created by the two Pc rings 
between which a magnetic ion is intercalated [19,20,22]. Moreover, the 
unpaired electron delocalized in MPc2 makes the molecules suitable for 
ligand-mediated interactions with variable substrates [16]. The latter 
aspect was addressed in a number of studies, where MPc2 complexes 
were deposited onto the surfaces of copper (111) [23], gold (111) [2, 
24], nickel [20], and carbon nanomaterials comprising graphene [16, 
25], highly oriented pyrolytic graphite [26] and carbon nanotubes 
(CNTs) [27–30]. 

The noncovalent functionalization of CNTs with MPc2 complexes 
through π-π stacking is a way to refine the magnetic measurements and 
improve the magnetic bistability of SMMs by preserving the large spin 
magnetic moment of the rare-earth metal center and thus the general 
characteristics of SMMs, since (on the contrary) the adsorption on noble 
metal and ferromagnetic surfaces provokes variations in the magnetic 
properties of SMMs [27,31]. On the other hand, CNTs are especially 
interesting and important substrates due to their physical and electronic 
properties. However, unfortunately, the deposition of sandwich-type 
rare-earth Pc complexes on nanotubes (MPc2 + CNTs) turns to be the 
least explored [27–30], including theoretically. Among earlier reports 
related to the hybrids of Pcs with carbon nanoclusters one should 
mention the density functional theory (DFT) studies on noncovalent 
MPc dyads with fullerenes [32,33] and single-walled carbon nanotubes 
(SWCNTs), in which both cluster [34–36] and periodic models with 
different nanotube diameters and chirality [37–39] at different DFT 
theoretical levels were employed. The most important general conclu-
sion of all the above works is that the usually planar macrocyclic ring 
system of MPc suffers a strong bending distortion in order to increase the 
area of its contact with the fullerene cage or nanotube sidewall. 

Hence, several questions can arise regarding the behavior of double- 
decker phthalocyanine analogues. In particular, does their deposition 
onto nanotube sidewalls alter the complex geometry? If it causes 
distortion, how significant this distortion is? Are both Pc ligands 
affected, and in the same way? Are electronic parameters (for example, 
HOMO, LUMO and spin density distribution) altered compared to that of 
isolated MPc2 systems? 

The possibility to answer the above questions by using experimental 
tools is minimal to null. One can only appeal to theoretical techniques, 
like in the case of conventional MPc complexes of 3d transition metals 
and free-base H2Pc [34–39]. At the same time, the task becomes much 
more computationally demanding, for three reasons. First, the second 

heavy C32H16N8 ligand unit is added to the model. Second, rare-earth 
metal atoms have a considerably larger number of electrons compared 
to 3d transition metals. And third, the calculations have to be necessarily 
spin-polarized. Besides that, the systems of major interest, which have 
especially pronounced magnetic properties, would be those incorpo-
rating central lanthanides (Eu, Gd and Tb). However, not only for these, 
but also for other lanthanides from Ce to Lu, the presence of f-electrons 
implies the existence of a series of almost degenerate states, dramatically 
complicating self-consistence field (SCF) convergence. Unless the in-
clusion of f-electron containing lanthanides is critical, a feasible solution 
capable of providing an insight as regards the conformational changes in 
question is the substitution of Ce–Lu atoms with rare earth elements, 
which do not have f-electrons, such as yttrium(III) and lanthanum(III) 
[40]. 

With the above considerations in mind, in the present report we 
attempted a DFT analysis of the changes in geometry and some elec-
tronic properties of yttrium bisphthalocyanine YPc2 when forming 
noncovalent hybrids with two SWCNT models of different (armchair and 
zigzag) chiralities. 

2. Computational methods 

The computational technique of choice for all geometry optimiza-
tions and calculations of electronic parameters was the general gradient 
approximation (GGA) functional by Perdew-Burke-Ernzerhof (PBE) in 
combination with a long-range dispersion correction by Grimme (PBE- 
D; also referred to as PBE-D2) [41,42], due to the need to account for 
dispersion interactions, which is very important when noncovalently 
bonded molecular systems are analyzed. The PBE-D calculations were 
performed by using the numerical-based DFT module DMol3 available as 
a part of the Materials Studio 6.0 software package from Accelrys, Inc. 
[43]. Three double numerical basis sets were tested to analize possible 
effects of the basis set size on the calculation accuracy (first of all, on the 
optimized geometries): DN, without polarization functions included 
(equivalent of 6–31G); DND, which adds a polarization d-function on all 
non-hydrogen atoms only (equivalent of 6–31G(d)); and DNP, which has 
a polarization d-function added on all non-H atoms, as well as a polar-
ization p-function added on all hydrogen atoms (equivalent of 6–31G(d, 
p)). In addition to different numerical basis sets employed in DMol3, 
another important adjustable parameter is the global orbital cutoff (or 
real space cutoff). The global orbital cutoff is applied to the generation 
of the numerical basis sets to limit the range of the numerical in-
tegrations and reduce the computational cost, as justified by the fact that 
the charge density decreases quickly as the distance from an atomic 
nucleus increases [44]. The real space cutoff values used in the present 
study were 4.2, 4.8 and 5.6 Å for DN, DND and DNP basis set, respec-
tively, as defined by the presence of Y atom (electron configuration [Kr] 
4d15s2). The calculation quality corresponding to the use of DN, DND 
and DNP basis set is referred to as ‘coarse’, ‘medium’ and ‘fine’. In the 

Fig. 1. Structure of (a) M(II) monophathalocyanine (b) M(III) bisphthalocyanine.  
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latter case (DNP) it implies the following convergence criteria: energy 
gradient, 10-5 Ha; maximum force, 0.002 Ha/Å; maximum displace-
ment, 0.005 Å; self-consistent field (SCF) tolerance, 10-6. This set of 
computational parameters is similar to the one used previously to 
describe different types of bonding (both noncovalent and covalent) 
between phthalocyanines and carbon nanotubes and other carbon al-
lotropes (see, for example, [9,10,34,36,45]). All the calculations were 
spin-unrestricted, and the core treatment was all-electron with Fermi 
orbital occupation. The maximum step size allowed was 0.3 Å. 

The formation energies ΔEYPc2+SWCNT (ΔE hereafter for simplicity) 
for the noncovalent hybrids of YPc2 with SWCNT models were calcu-
lated according to the general equation:  

ΔEYPc2+SWCNT = EYPc2+SWCNT – (EYPc2 + ESWCNT)                                  

where Ei is the corresponding absolute energy. 

3. Results and discussion 

3.1. Yttrium bisphthalocyanine YPc2 

Prior to the analysis of yttrium bisphthalocyanine behavior on the 
surface of carbon nanotubes via noncovalent functionalization, we 
analyzed the geometry of isolated YPc2 molecule optimized by the PBE- 
D functional in conjunction with all three double numerical basis sets 
available in the DMol3 module (DN, DND and DNP), for comparison. 
(Cartesian coordinates for optimized geometries of all the structures 
studied are listed at the end of Electronic Supplementary Information 
(ESI).) While for this particular system no SCF convergence problems 
were expected when employing the largest one, DNP, they might arise in 
the case of other rare-earth phthalocyanines (in particular, for central 
lanthanides having several unpaired f-electrons), especially when their 
noncovalent bonding with extended carbon nanoclusters (SWCNT and 
graphene sheet models) is studied. In that case, a basis reduction to DND 
and even DN might be desirable to unavoidable, under the condition 
that it can yield sufficiently accurate/realistic geometry (unfortunately, 
systematic information on how the choice of basis set influences the 
results of this sort is relatively scarce [46,47]). 

The calculated structural parameters analyzed for isolated YPc2 
(Tables 1 and S1 of ESI) included molecular size (width), height, rotation 
angle between the two Pc ligands, and N-Y-N angles, which were 
compared to the corresponding values obtained experimentally by X-ray 
diffraction (XRD) [48]. Also, the HOMO, LUMO, and HOMO-LUMO 
band gap energies (Egap; Tables 2 and S2 of ESI) for the double-decker 
phthalocyanine were computed, as well as spin density distribution in 
YPc2 was plotted. 

As an example, Fig. 2 shows the optimized structure of YPc2 obtained 
when using DNP basis set. For all basis sets, the Y3+ ion is sandwiched 
between two phthalocyanine ligands rotated by an angle of 45.0◦ with 
respect to each other, forming a characteristic staggered structure 
(Fig. 2a). In other words, the difference with the XRD structure in these 
terms, where the rotation angle is 44.9◦ [48], is negligible. Other basis 
set effects on the YPc2 geometry can be appreciated from Table S3 of ESI. 
The central atom coordinates with eight isoindole nitrogen atoms (Niso), 
giving rise to a pseudo-4-fold axis perpendicular to the Pc rings and a 
distorted square antiprismatic coordination environment around the 

metal center. This distortion is a consequence of the non-equal bond 
distances between Y atom and each of the eight Niso atoms. The Y-Niso 
bond lengths obtained with all basis sets employed are slightly longer 
(within 0.03 Å only) compared to the experimental values by XRD: 
while the latter are found in the range of 2.395–2.412 Å, the ranges for 

Table 1 
Size (in Å), height (in Å) and N-Y-N angles (in degrees) for isolated YPc2 molecule and in the noncovalent hybrids YPc2 + SWCNT (SWCNT = ANT, ZNT), as well as the 
shortest Y…CSWCNT, γ-N…CSWCNT and CMPc

… CSWCNT distances (in Å) between YPc2 and SWCNT, calculated by using PBE GGA functional with Grimme’s dispersion 
correction in conjunction with DNP basis set. Structural parameters for YPc2 crystal structure obtained by X-ray diffraction (XRD).[48] are specified for comparison.  

System Size (Å) Height (Å) N-Y-N (◦) Y.CSWCNT (Å) γ-N…CSWCNT (Å) CYPc2
… CSWCNT (Å) 

YPc2 (XRD) 14.727 2.351–5.094 109.7–110.6       
YPc2 15.014 4.062–4.316 110.9–111.0       
YPc2 + ANT 14.805; 15.015 4.297–4.930 110.8–112.2  4.430  3.046  3.097 
YPc2 + ZNT 14.860; 15.027 4.116–4.867 110.8–112.5  4.526  3.095  2.986  

Table 2 
Total energies (in Ha) for isolated components and noncovalent hybrids YPc2 +

SWCNT (SWCNT = ANT, ZNT), formation energies ΔE (in kcal/mol) for the 
hybrids, HOMO, LUMO and HOMO-LUMO gap energies (in eV), calculated by 
using PBE GGA functional with Grimme’s dispersion correction in conjunction 
with DNP basis set.  

System Etotal (Ha) ΔE (kcal/ 
mol) 

EHOMO 

(eV) 
ELUMO 

(eV) 
Egap 

(eV) 

ANT -4569.1629441  -0.197 -0.173  0.643 
ZNT -5330.8185875  -0.208 -0.205  0.080 
YPc2 -6665.1029617  -0.169 -0.164  0.142 
YPc2 

+ ANT 
-11234.324974 -37.1 -0.176 -0.171  0.140 

YPc2 

+ ZNT 
-11995.991383 -43.8 -0.188 -0.186  0.059  

Fig. 2. Top (a) and side (b) views of YPc2 geometry optimized by using PBE 
GGA functional with Grimme’s dispersion correction in conjunction with the 
DNP basis set, showing its size (i.e., width), height and twisted angle between 
the two Pc macrocycles. Atom colors: gray, carbon; white, hydrogen; deep blue, 
nitrogen; light blue, yttrium. 
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DN, DND and DNP basis sets are 2.407–2.422, 2.412–2.417 and 
2.410–2.413 Å, respectively (Table S3). 

Another important parameter is the height of YPc2 molecule, which 
is measured as the distance between peripheral hydrogen atoms 
belonging to opposite Pc ligands. Depending on the basis set, it com-
prises the range of 4.151–4.803 Å for DN, 4.020–4.441 Å for DND, and 
4.062–4.316 Å for DNP, compared to 2.351–5.094 Å in the experimen-
tally reported structure [48] (Tables 1 and S1 of ESI). The disparity of 
the height values in each case is a consequence of the repulsive inter-
action between the two macrocycles, in particular between the benzene 
rings. On the other hand, it is evidently less significant in the calculated 
structures, which can be explained by the absence of adjacent YPc2 
molecules, contrary to the crystalline phthalocyanine. From Fig. 2b one 
can also see that the two Pc ligands have somewhat different shapes: one 
macrocycle is more domed (likely due to Y-Niso bond contraction and 
electronic repulsion between the o-phenylene rings, which leads to a 
bending of the isoindole units), and the other Pc ligand is flatter [49]. 
Viewed in this way, the staggered conformation of YPc2 reduces the 
overlap between the two electronic clouds and the electrostatic repul-
sion, leading to a D4h geometry as a result of the Jahn-Teller effect, 
which forces the molecule to have a less symmetric stable state. As 
regards the size (or width; Fig. 2b) of YPc2 molecule, defined as the 
maximum distance between the two hydrogen atoms at opposite 
o-phenylene moieties of Pc rings [48,49], it is overestimated in all cases 
(Tables 1 and S1 of ESI). The difference with respect to the experimental 
value from XRD (14.727 Å) increases as the basis set size decreases, that 
is, in the series of DN (15.056 Å) > DND (15.016 Å) > DNP (15.014 Å). 

The degree of bending of each Y-coordinated Pc unit can be quan-
titatively evaluated from the angles N-Y-N formed between the metal 
atom and two diagonally opposite nitrogen atoms Niso of YN4 coordi-
nation sphere. Due to the minor asymmetry caused by the Jahn-Teller 
effect, the N-Y-N angles slightly vary in both XRD and calculated 
structures. From Table 1 one can see that the experimental values are 
found in the range of 109.7–110.6◦, and the theoretical ones are always 
higher, of 113.3–113.7◦ for DN, 110.7–110.9◦ for DND, and 
110.9–111.0◦ for DNP. Even though the strongest deviation from the 
experimental parameters is observed for DN basis set, the improvement 
due to the use of higher-quality DND and DNP basis sets is not dra-
matical, similarly to the cases of other geometrical characteristics dis-
cussed above. 

The general computation quality for YPc2 geometry can be assessed 
through a graphical comparison of calculated versus experimental bond 
lengths and angles, as it is shown in Fig. 3 and S1 of ESI. One can see that 
the correlation coefficients (CCs) are rather high, where the lowest value 
of 0.995 was found for bond angles calculated when using DN basis set, 
with a minor improvement to 0.997 in the case of DND and DNP. On the 

other hand, CC values of 0.999 for bond lengths were obtained by 
employing all three basis sets. 

When analyzing frontier orbital energies of YPc2 (Tables 2 and S2 of 
ESI), one can see that the choice of basis set has a negligible effect. In 
particular, the calculated HOMO-LUMO gap energy is 0.140 eV for DN, 
and 0.142 eV for both DND and DNP basis sets. Likewise, the patterns of 
HOMO-LUMO distribution in YPc2 (exemplified in Fig. 4 for DNP basis 
set) are essentially identical for all theoretical levels tested. No contri-
bution to both HOMO and LUMO was found from the central Y atom, but 
instead the main lobes are localized on the carbon atoms of isoindole 
pentagonal rings. This feature agrees well with experimental and theo-
retical data reported elsewhere [50]. 

The existence of unpaired electron delocalized over Pc macrocycles 
gives rise to a crucial difference between spin density plots obtained 
here for YPc2 (again, identical for all basis sets; exemplified in Fig. 4 for 
DNP) and the ones obtained for conventional single-decker phthalocy-
anine complexes with 3d transition metals [9,32,33,36,45]. As a matter 
of fact, the spin distribution presented in Fig. 4 is a close match of the 
HOMO-LUMO plots discussed above. From comparison between the two 
types of plots it appears that the HOMO and LUMO lobes coincide with 
the ‘spin-up’ electron density. At the same time, additional ‘spin-down’ 
density (orange lobes) is clearly seen on all nitrogen (both Niso and γ-N) 
atoms. 

3.2. YPc2+SWCNT hybrids 

For the simulation of the noncovalent interactions between YPc2 and 
SWCNTs, we employed two fulleroid models of different chirality, same 
as the ones used in our previous works [9,34–36,45]: armchair (5,5) and 
zigzag (10,0), referred to as ANT and ZNT (Fig. 5), which are composed 
of 120 and 140 carbon atoms, and whose ends are capped with C60 and 
Ih-C80 fullerene hemispheres, respectively. The geometries of isolated 
ANT and ZNT models were optimized by applying all three basis sets. 
Comparison of their diameter and length (Table S4 of ESI) shows that the 
dimensions calculated are insignificantly larger when DN is used, being 
essentially identical for the cases of DND and DNP. In particular, as 
computed with DNP basis set, the diameter and length for ANT are 7.060 
and 14.123 Å, respectively, and for ZNT, 7.965 and 14.293 Å. That is, 
the length of both nanotube models is barely sufficient to accommodate 
one YPc2 molecule. 

The main geometric and electronic parameters for noncovalent YPc2 
+ANT and YPc2 + ZNT complexes calculated by varying the basis set are 
summarized in Tables S1 and S2 of ESI, with Tables 1 and 2 extracting 
the values obtained by using DNP. As it was observed previously [9, 
34–38,45], one of the typical structural features of noncovalent hybrids 
of 3d transition metal(II) phthalocyanine complexes (M(II) = Mn, Fe, 

Fig. 3. Graphic interrelation between the bond lengths and angles in YPc2 molecule, obtained by computer modeling (DNP basis set) and their experimental 
counterparts from XRD diffraction data. CC, correlation coefficient. 
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Co, Ni, Cu, Zn) with SWCNTs is the strong bending distortion of 
macrocyclic system, by means of which the area of Pc contact with 
nanotubes sidewall is increased. This bending due to non-parallel π-π 
interactions between the two extended π-systems [51] ocurrs to a vari-
able degree, depending on the central atom. In the present case of YPc2 
adsorption on ANT and ZNT models, both macrocyclic rings of the 
bisphthalocyanine suffer distortion, which can be appreciated from 
Fig. 5. The degree of bendidng can be quantitatively interpreted by 
comparing the size, height and N-Y-N angles for isolated YPc2 molecule 
and for that forming YPc2 + SWCNT hybrids. 

The size of isolated YPc2 molecules optimized with all basis sets is 
approximately 15.0 Å (Tables 1 and S1 of ESI), which refers to both 
phthalocyanine ligands. For YPc2 + SWCNT complexes, the two Pc units 
exhibit notably different sizes. The span of the ligand contacting ANT 
and ZNT sidewall decreases to 14.8–14.9 Å (the first values in Tables 1 
and S1), as a result of attraction of o-phenylene moieties to nanotube 
surface, leading to a more pronounced domed geometry of Pc macro-
cycle compared to that observed in isolated YPc2. In the particular case 
of ANT and ZNT models employed, the nanotube diameter (7.060 and 

7.965 Å, respectively, for DNP basis set) is considerably smaller than the 
size of phthalocyanine ligand. Of the two YPc2 + SWCNT complexes, the 
one formed by ANT exhibits somewhat stronger bending (regardless of 
the basis set size), evidently due to its smaller diameter compared to that 
of ZNT. As to the second, ‘external’ Pc ligand, its size remains approxi-
mately the same, of 15.0 Å (the second values in Tables 1 and S1), 
though visually it makes an impression of becoming flatter than before 
complexation (Figs. 5 and 6 versus Fig. 4). 

The height of bisphthalocyanine molecule in YPc2 + SWCNT dyads 
dramatically increases compared to that calculated for isolated YPc2, for 
example, from 4.062–4.316 to 4.297–4.930 (YPc2 + ANT) and 
4.116–4.867 Å (YPc2 + ZNT), as obtained at the highest theoretical 
level. On the other hand, the calculated N-Y-N angles in YN4 coordina-
tion change very insignificantly: at the same PBE-D/DNP level of theory, 
they increase from 110.9◦ to 111.0◦ in isolated YPc2 to 110.8–112.2◦ in 
YPc2 + ANT and 110.8–112.5◦ in YPc2 + ZNT (compared to 
109.7–110.6◦ found by XRD in bisphthalocyanine crystals). In these 
terms, there is almost no difference between the two hybrids. 

Some other structural and electronic characteristics of YPc2 +

Fig. 4. HOMO, LUMO (isosurfaces at 0.03 a.u.; side and top views) and spin density plots (isosurfaces at 0.01 a.u.) for yttrium double-decker phthalocyanine, 
calculated by using PBE GGA functional with Grimme’s dispersion correction in conjunction with DNP basis set. (Same plots were obtained when DN or DND basis 
sets are used.) In spin density plots, violet and orange lobes correspond to spin-up and spin-down electrons, respectively. 

Fig. 5. HOMO and LUMO plots (isosurfaces at 0.03 a.u.; two side views) for YPc2 + ANT and YPc2 + ZNT noncovalent complexes, calculated by using PBE GGA 
functional with Grimme’s dispersion correction in conjunction with DNP basis set. (Same plots were obtained when DN or DND basis sets are used.). 
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SWCNT dyads do depend on the nanotube model, for example, the 
shortest distances between the interacting components. Comparing the 
distances obtained with each basis set, all close approaches are sys-
tematically shorter when computed with DN. For YPc2 + ANT, regard-
less of the basis set, the closest approach (Table S1) is between the 
nanotube carbon atoms and azomethine nitrogen atoms of Pc 
(γ-N…CSWCNT), whereas for YPc2 + ZNT the shortest distance is found 
between the carbon atoms (CYPc2

… CSWCNT). The attraction between 
SWCNT and bisphthalocyanine cause the yttrium atom to approach 
nanotube sidewall at Y.CSWCNT distance of 4.386–4.430 Å (depending on 
the basis set) in YPc2 + ANT, whereas in YPc2 + ZNT it is by roughly 
0.1 Å longer, from 4.460 to 4.526 Å. 

While, in principle, Y…CSWCNT separations could serve as an indirect 
indicator of the bonding strength, the calculated formation energies ΔE 
(Table S2) are systematically more negative for YPc2 + ZNT dyad: for 
example, − 43.8 vs. − 37.1 kcal/mol for YPc2 + ANT (for DNP basis set; 
Table 2). The strongest bonding was observed when using DN, followed 
by DNP and DND. A possible explanation for this trend is larger orbital 
cutoff values applied when the latter two basis sets are used, reducing 
the polyazamacrocycle bending when adsorbed on a SWCNT sidewall 
[52]. Overall, the above formation energies are rather close to the ΔE 
values reported previously for M(II)Pc + SWCNT complexes with the 
same ANT and ZNT models, which span from − 45.4 to − 32.7 kcal/mol 
[45]. This can be interpreted as a minor significance of the chemical 
nature of central metal atom of phthalocyanine complex for the binding 
strength, but instead that the adsorption process is governed by the π–π 
interactions between tetraaza [18]annulene macrocycle and 
graphene-derived nanotube sidewall [9,45]. (The contribution of 

dispersion term in the total energy calculations is specified for each 
system in Table S5 of ESI.). 

Since it is known that HOMO-LUMO gap is strongly underestimated 
when using pure GGA functionals (for example, as compared to hybrid 
ones such as B3LYP [53]), we analyzed this electronic parameter simply 
as a measure of changes upon YPc2 adsorption on SWCNT models. As 
one can see from Table S2, the choice of basis set has a little effect on the 
frontier orbital and HOMO-LUMO band gap energies. The latter values 
obtained for YPc2 + ANT and YPc2 + ZNT dyads with DNP basis set are 
0.140 and 0.059 eV, respectively. Comparing them with the values 
computed for isolated components (at the same theoretical level; 
Table 2), which are 0.142 eV for YPc2, 0.643 eV for ANT, and 0.080 eV 
for ZNT, one can conclude that in the case of YPc2 + ANT the gap tends 
to match the one for isolated YPc2, whereas for YPc2 + ZNT it is much 
closer to the band gap of ZNT. Apparently, the latter result is attributable 
to an open-shell nature of the zigzag model. 

As a consequence, the HOMO and LUMO plots shown in Fig. 6 turn to 
be very different for YPc2 + ANT and YPc2 + ZNT complexes. In the 
former case, they are essentially identical to the ones presented in Fig. 5 
for isolated double-decker phthalocyanine: both HOMO and LUMO are 
localized on YPc2 with no traces of any orbital (at least when the iso-
surfaces are plotted at 0.03 a.u.) present on ANT. While some contri-
bution of HOMO can be seen on phthalocyanine component in YPc2 +

ZNT, a comparable contribution to this frontier orbital is due to ZNT. As 
regards LUMO of this dyad, it is localized exclusively on the nanotube 
component. A similar pattern was reported, for example, for non-
covalent CuPc + ZNT complex [45]. 

Like in the case of isolated double-decker phthalocyanine (Fig. 4), 

Fig. 6. Spin density plots (isosurfaces at 0.01 a.u.; two side views) for YPc2 + ANT and YPc2 + ZNT noncovalent complexes, calculated by using PBE GGA functional 
with Grimme’s dispersion correction in conjunction with DNP basis set. (For YPc2 + ANT, same plots were obtained when DN or DND basis sets are used.) Violet and 
orange lobes correspond to spin-up and spin-down electrons, respectively. 
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the spin distribution for YPc2 + ANT and YPc2 + ZNT dyads exemplified 
in Fig. 6 for DNP basis set has very much to do with the corresponding 
HOMO-LUMO plots (Fig. 5). The evident reason is that it is unpaired 
electron cloud which is responsible for the phthalocyanine reactivity in 
both electrophylic and nucleophylic processes, which is reflected in the 
frontier orbital distribution. Therefore, in YPc2 + ANT all the spin 
density remains on Pc component, whereas in YPc2 + ZNT it is almost an 
exact match of its LUMO plot shown in Fig. 5. An additional detail is that 
the main cloud found on ZNT is represented by ‘spin-up’ unpaired 
electron density, with a barely noticeable contribution from ‘spin-down’ 
density localized on the C atoms of phthalocyanine macrocycle (this 
feature is reproduced when all the basis sets are used, being slightly less 
evident with DN; Fig. S2 of ESI). Thus, the spin density plots found for 
both YPc2 + SWCNT dyads are strikingly different from those described 
previously for most M(II)Pc + SWCNT complexes derived from para-
magnetic central 3d metals, for which the unpaired electron density is 
found mostly on metal [9,36,45]. 

4. Conclusions 

The data obtained show that YPc2 molecule interacting non-
covalently with SWCNTs undergoes binding distortion in order to in-
crease the area of contact with nanotube sidewall, which results in a 
stronger interaction between the two components. YPc2 bonding is 
stronger with ZNT nanotube, of − 43.8 kcal/mol, vs. − 37.1 kcal/mol for 
YPc2 + ANT complex (as calculated with DNP basis set). The height of 
bisphthalocyanine molecule in the dyads dramatically increases 
compared to that calculated for isolated YPc2, from 4.062–4.316 to 
4.297–4.930 (YPc2 + ANT) and 4.116–4.867 Å (YPc2 + ZNT), as ob-
tained at the highest theoretical level. At the same time, the calculated 
N-Y-N angles in YN4 coordination change very insignificantly. The 
closest contacts in YPc2 + SWCNT hybrids depend on the nanotube 
model, being γ-N…CSWCNT for ANT, and CYPc2

… CSWCNT for ZNT. The data 
related to frontier orbital energies/plots and spin density distribution 
are model-sensitive as well. In all cases, a minor HOMO-LUMO gap 
narrowing is observed. For YPc2 + ANT the gap tends to match the one 
for isolated YPc2, whereas for YPc2 + ZNT it is much closer to the band 
gap of ZNT, which might be attributed to an open-shell nature of the 
zigzag model studied. Both HOMO and LUMO are found on YPc2 in YPc2 
+ ANT (with the same distribution as in isolated bisphthalocyanine); in 
YPc2 + ZNT, HOMO is localized on both interacting components, and 
LUMO, only on the nanotube. The spin distribution plots have very 
much to do with the corresponding HOMO-LUMO plots: in YPc2 + ANT 
all the spin density remains on phthalocyanine component, whereas in 
YPc2 + ZNT it is almost an exact match of its LUMO plot. 

The effect of basis set used in our computations depends on a 
particular parameter and system analyzed. In the case of isolated YPc2, 
the calculated values of molecular size, height and N-Y-N angles are 
slightly larger compared to the experimental ones from XRD structure, 
tending to decrease with increasing the basis set (DN > DND > DNP). 
The basis set effect on the calculated Y-Niso distances and SWCNT model 
dimensions is even less notable. On the other hand, the ΔE values and 
the closest contacts (Y…CSWCNT, γ-N…CSWCNT and CYPc2

… CSWCNT) for the 
noncovalent complexes tend to increase for larger basis sets (DND and 
DNP versus DN). The other characteristics (frontier orbital and spin 
density distribution, as well as HOMO-LUMO gap values) do not exhibit 
any significant differences when varying the basis set. 

Overall, the bending distortion upon adsorption of macrocyclic 
compounds on CNT sidewalls appears to be a rather common phenom-
enon, since it is observed not only for extended phthalocyanine systems 
[9,34–38,45,51], which belong to the class of tetraaza[18]annulenes, 
but also for much simpler tetraaza [14] annulenes [54]. 
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[34] V.A. Basiuk, E. Chávez-Colorado, Adsorption of free-base phthalocyanine on Stone- 
Wales defect-containing carbon nanotubes: a DFT study, Diam. Relat. Mater. 97 
(2019), 107443, https://doi.org/10.1016/j.diamond.2019.107443. 
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