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Abstract: Functionalized nanotubes are promising candidates to promote communication
between paramagnetic centres at large distances through their highly delocalized © systems.
Here, Density Functional Theory methods are employed to study the exchange coupling

interaction between Fe'!

paramagnetic centres coordinated at terminal carboxylate ligands
of functionalized nanotubes. Chiral nanotubes exhibit ferromagnetic coupling at long
distances while non-chiral systems usually favor antiferromagnetic coupling. The inclusion
of Ceo molecules inside the nanotube, resulting in peapod structures, in some cases causes

dramatic changes in the coupling interactions and spin density.
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1. Introduction

Carbon nanotubes have been extensively employed in recent years for many purposes [1]. One of the
most developed applications is the use of single carbon nanotubes in electronic devices and sensors [2].
The most interesting feature of such devices is that electrons can flow through the nanotube and
consequently, the nanotube conductivity can be modified by the adsorption of chemical species to the
nanotube wall [3]. The conductivity of the carbon nanotubes, semiconducting or metallic, is directly
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related to their chirality and their characteristic band structure. Related to these properties is the capacity
of the carbon nanotubes to “communicate” electronically between the two ends. Actually, for a system
with two paramagnetic centres, single-molecule conductivity and exchange coupling should be related.
Thus, at first glance, strong antiferromagnetic coupling should be present in systems with high
conductivity. However, this assumption is not always the case for real systems. Carbon nanotubes can
be described as grapheme sheets wrapped into cylinders with a carbon atom superposed at each end. The
vector defined by the two superposed atoms can by described using a pair of integer indices (n,m)
indicating the number of unit vectors in the honeycomb graphene lattice. Thus, n = m or m = 0 correspond
to zigzag or armchair nanotubes that are non-chiral, while the other possible (n,m) values result in chiral
nanotubes. Prior to this work, we theoretically explored the exchange interactions between paramagnetic

centres (Fe'!l

cations) coordinated to non-chiral functionalized carbon nanotubes through carboxylate
groups (see coordination mode in Figure 1) [4]. This nanotube functionalization is one of the most
common because terminal carboxylate groups can be incorporated into the nanotubes by treating them
with a range of different oxidants [5]. In addition, the presence of the carboxylate groups improves the
solubility of the nanotubes and makes them amenable to chemical reactions. Our results indicated that
at very long distances, relatively large exchange coupling interactions can be achieved by using
functionalized carbon nanotubes as bridging ligands. For instance, a value of J = —89.0 cm™! was

I centres of 76.1 A with a functionalized (5,5) carbon nanotube,

calculated for a distance between the Fe
where the nature of the coupling was antiferromagnetic in all cases. The main goal of this paper is to extend
our previous study to the magnetic properties of dinuclear metal complexes with chiral single-wall
carbon nanotubes (SWNTs) and peapod systems as bridges, using theoretical methods based on density

functional theory (DFT).

Figure 1. Representation of the two different (7,6) carboxylate-functionalized SWNT-Fe!

models employed in the calculations. The right terminal group remains fixed while the left

I centres.

one is modified to examine the influence of the relative position of the two Fe
2. Results and Discussion

2.1. Metal Systems with Chiral Nanotubes

In order to study the exchange coupling between paramagnetic centres through nanotubes, we selected
some metallic and some semiconducting chiral nanotubes coordinated through terminal carboxylate
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groups with Fe"! cations and with a high-spin d° configuration. The Fe"! centres were selected as the d°
configuration provides the maximum number of unpaired electrons. In addition, the charge of +3 results
in stronger mixing with the nanotube orbitals than an equivalent Mn" complex because the projected
density of states (DOS) of the occupied 3d orbitals of the iron Fe' cations (between —15 and —7 eV) are
closer in energy to the contributions to the total DOS of the occupied = orbitals of the nanotube carbon
atoms (see Figure 2). This enhances the exchange interactions between the paramagnetic Fe''! centres.
Furthermore, we added ammonia molecules to complete the coordination sphere of the transition metal
atoms; then we assumed that the carboxylate groups act as chelating ligands (see models for the (7,6)
nanotube in Figure 1) and that the dangling bonds of the terminal nanotube carbon atoms that are not
functionalized were suppressed by the inclusion of hydrogen atoms.

Table 1 shows the J values for the models studied, calculated using DFT. Their analysis allowed us
to extract the following conclusions: (i) Most of the chiral nanotubes give ferromagnetic coupling;
(i1) There is no simple relationship between the nature of the exchange interaction and the chirality,
(n,m), diameter and conductivity behaviour that depends on the modulus of (n—m,3) value (0 metallic
and 1, 2 semiconductor) of the nanotube, as can be seen in Table 1 and Figure 3; (iii) Changing the

I centres does

relative positions of the terminal carboxylate groups coordinated to the paramagnetic Fe
not significantly change the J value calculated. This agrees with our previous calculations for a (5,5)
model nanotube complex: independently of the relative position of the terminal carboxylate groups, the
Fe---Fe exchange coupling was always antiferromagnetic. Hence, the nature of the exchange interaction
is a characteristic feature of each nanotube chirality; (iv) The increase of the Fe---Fe distance in the
(10,7) nanotube enhances the ferromagnetic interaction. For the (5,5) nanotube, the increased distance
from 25.2 to 76.1 A resulted in a diminution of the antiferromagnetic coupling from —255.6 to
—89.0 cm™'; (v) Antiferromagnetic coupling is stronger than ferromagnetic coupling. Thus, we can
conclude that the chirality of the nanotubes can induce ferromagnetic coupling while the previously studied

non-chiral systems were antiferromagnetic.
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Figure 2. Representation of the total density of states and of the contribution of the d orbitals
of the iron atoms (alpha and beta contributions) of the (7,6) carboxylate-functionalized
SWNT-Fe model shown above in Figure 1.
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Figure 3. Dependence of the exchange coupling constants on the chirality and charge
transport properties of the carbon nanotubes. The (n,m) indices are written in black and red
for metallic and semiconductor nanotubes, respectively. Blue and green rectangles represent
antiferromagnetic and ferromagnetic calculated J values, respectively. Hexagons in bold are
the nanotubes calculated in this work.

Table 1. Chirality, diameter (in A and calculated using a C—C bond length of 1.42 A) and

the corresponding charge transport properties (SC: semiconductor, M: metallic) for the

carbon nanotubes functionalized with terminal carboxylate groups coordinated to Fe'

11

centres. J values (in cm™!) for the coupling of the two Fe'! cations and the distance (in A)

between them calculated using DFT. Cases with more than one calculated J value correspond

11T

to coordination of the Fe'"' cations to different terminal carboxylate groups of the nanotube

(see Figure 1).

Chirality Transport Diameter d(Fe:--Fe) Jeate
(7,6) SC 8.82 254,259 +17.2,+19.3
(8,2) M 7.18 31.1,32.4 +9.0, +11.0
(8,4) SC 8.29 25.9,25.6 —230, —260
(8,5) M 8.89 25.7,26.2 +21.3, +28.6
(9,8) SC 11.53 38.8 +6.1
(10,7) M 11.59 40.2,26.7 +94.8, +13.6

(10,10) M 13.56 40.91 —-17.6
(11,6) SC 11.69 40.2 +11.7
(11,7) SC 12.30 40.1 —-150
(12,6) M 12.43 38.8 —22.0
(12,10) SC 14.94 47.51 —199

Spin distributions corresponding to the ferromagnetic solutions of the complexes studied are

represented in Figure 4 and Figure S1. There is a predominance of the delocalization mechanism in the

111

atoms neighbouring the Fe™" centres. Due to the presence of two unpaired electrons in the antibonding

eg orbitals there is relatively extensive orbital mixing with the ligands and, consequently, the sign of the
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spin density in such atoms is equal that in the metal. In the carbon atoms of the nanotube, the predominant
mechanism should be spin polarization. However, there is not always a clear spin density sign
distribution pattern. In many areas of the nanotubes, it is possible to identify the typical alternation of
signs between neighbouring atoms due to the spin polarization mechanism. Basically, there are relatively
large positive contributions in one atom (blue lobe) while the neighbouring atoms have a smaller
negative spin population (white lobe, in many cases not shown in the figure due to the threshold value
chosen). Comparative analysis of the ferromagnetic and antiferromagnetic systems showed no
significant differences either at the qualitative level in the plotted spin densities (Figure 4 and Figure S2)
or at the quantitative level in the calculated atomic spin population values (not shown).

Figure 4. Representation of the spin distribution for the ferromagnetic solution of the Fe!

complex-(7,6) SWNT models (see Figure 1). Dark and clear regions indicate positive and
negative spin populations, respectively. The isodensity surface shown corresponds to a value
of 0.001 e /bohr? (see Figure S1 for the equivalent plot for the other models studied).

2.2. Systems Based on Peapods

We also extended our study to peapods, in order to examine the possible role of the Ceo units

I centres. Such

placed inside the nanotube cavity in the exchange interaction between the terminal Fe
peapod structures take profit of the nanocapillarity behavior of carbon nanotubes [6] to fill them with
fullerenes. Thus, Table 2 shows some of the J values calculated for the empty nanotubes together with
those for the equivalent peapod. The Cso molecules were shifted inside the cavity (1 A in 0.2 A steps)
with no significant differences (around 1-2 cm™', see Supplementary Materials Table S1) in the
calculated J values.

Analysis of the J values shows that only in the case of the (10,10) system is there a notable change
in the nature of the magnetic coupling due to the inclusion of the Cso molecules. In the (10,7) nanotube,
the J value diminishes with the inclusion of the Cso molecules; and in the other nanotubes, the J values
only vary slightly. As the diameter of Ceo is 7.11 A and the distance between two graphite layers is
3.35 A, there is a critical nanotube diameter of approximately 12.8 A beyond which the interaction is
exothermic [7]. We have calculated the interaction energy between the functionalized nanotube with the

11

two Fe centres and the three Ceo molecules. As expected, the interaction energy is positive
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(endothermic) for nanotubes with smaller diameters and becomes larger as the diameter is reduced. From
nanotube (10,10), the interaction energy starts to be favourable. However, that does not explain the
behaviour of the (10,10) nanotube because nanotube (12,10) presents a similar exchange interaction
before and after the inclusion of Ceo molecules. The analysis of the spin density (see Figure 5) and the
density of states (not shown) for the (10,10) nanotube with and without Ceéo molecules does not present
any significant differences that could explain the observed behaviour.

Table 2. Chirality, diameter (in A) and the corresponding charge transport properties (SC:
semiconductor, M: metallic) for the carbon nanotubes functionalized with terminal
carboxylate groups coordinated to Fe'! centres. J values (in cm ') for the coupling of the two
centres and the distance (in A) between them for the nanotube-Fe'™ complex calculated using
DFT. J values calculated for the equivalent peapod-Fe'! complex when filling the nanotube
structure with three Ceo molecules (diameter 7.11 A). Interaction energy (Einwer) between the

three Ceo molecules and the functionalized nanotube (Einter = Esystem — Enanotube — £3¢60 in V).

Chirality Transport Diameter d(Fe:--Fe) Jhano Jpeapod Einter

(9,8) SC 11.53 38.8 +6.1  +182 589
(10,7) SC 11.59 40.2 +94.8  +154 529
(11,6) SC 11.69 40.2 +11.7 470 440
(11,7) SC 12.30 40.1 ~150  —143 138
(12,6) M 12.43 38.8 -220 -339 103
(10,10) M 13.56 40.91 -17.6  +43  -19

(12,10) SC 14.94 47.51 -199  -182 2.0

Figure 5. Cont.
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Figure 5. Spin distribution for the ferromagnetic solution of the Fe™ complex-peapod
models. Clear and dark isodensity surfaces indicate positive and negative spin populations,
respectively, with a value of 0.0004 e /bohr’ for the (9,8) nanotube and, for the other

nanotubes, it diminished in proportion of the number of atoms of carbon (for comparison).

The spin density plots for the different peapods (see Figure 5) reveal a large delocalization of the
positive spin density from the nanotube to the Ceo molecules in the (9,8) and (10,7) peapods: the
nanotubes with the smallest diameters. However, in the case of the (11,6) peapod (with a slightly larger
diameter), there is only a small contribution to the spin density from the Cso molecules. There is probably
a critical nanotube diameter at which the small distance between the Ceo and the nanotube walls leads to
a large spin delocalization from the nanotube to the Ceo molecule. Finally, it is worth noting that the
inclusion of dispersion terms in the DFT calculations [8] does significantly change neither the values of
the calculated J values nor the spin population analysis.
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3. Computational Details

Electronic structure calculations were carried out using the SIESTA (Spanish Initiative for Electronic
Simulations with Thousands of Atoms) code [9—12]. This computer code is highly efficient when dealing
with systems that contain a large number of atoms and therefore for those studied here. The
generalized-gradient approximation (GGA) functional expression of Perdew, Burke and Ernzerhof
(PBE) [13] was employed and pseudopotentials were generated according to the method suggested by
Trouiller and Martins [14]. A triple-( numerical basis set with polarization functions for the iron atoms
was employed, while a double-( basis with polarization functions was used for the other elements.
Values of 50 meV for the energy shift and 250 Ry for the mesh cutoff provide a good compromise
between accuracy and the computational cost of estimating the exchange coupling constants, according
to a previous study [15]. To calculate the exchange coupling constants, we employed the Heisenberg
Hamiltonian H = —]$;$, and a detailed description of the procedure used to obtain the exchange
coupling constants can be found in previous papers [16,17]. Spin-orbit effects were not considered due

Il cations. The metallic

to the light atoms of the nanotubes and the isotropic electron distribution of the Fe
nature of some carbon nanotubes [18] together with the presence of paramagnetic centers makes the
convergence of such calculations quite challenging. The model structures were not optimized and we
employed the following structural parameters: d(C—C) = 1.42 A, d(C-0) = 1.37 A, d(Fe-0) =2.077 A,
d(Fe-N)=2.05 A, dIN-H)=0.9 A, d(C-H) = 1.1 A, O-C-O angle = 110° and N-Fe—N angle = 90°. In
order to check if the optimization of the nanotube structures could change the calculated J values, we
performed the optimization of the (7,6) nanotube system (see Supplementary Materials) and the

calculated varies slightly.
4. Conclusions

Previously, we studied exchange interactions between two paramagnetic metal centres through zigzag
and armchair types of single-wall carbon nanotubes and observed antiferromagnetic coupling through
the nanotube. Here, we extend the study to both metallic and semiconducting chiral nanotubes, as well
as, in some cases, inserting fullerenes to produce peapod structures. For this study, in order to calculate

the exchange coupling constant between Fe!!

cations, we employed the SIESTA program with the PBE
exchange-correlation functional. From calculated J values for the different nanotubes some conclusions
can be drawn: (i) Most chiral nanotubes show ferromagnetic coupling. Furthermore, if the coupling is
antiferromagnetic, its magnitude is greater than that of the equivalent complexes with non-chiral nanotubes.
(i1) There is no clear relationship between the values of J obtained and the chirality or conductivity of
the nanotubes. Taking into account the relatively large calculated values, the lack of correlation cannot
be attributed to deficiencies of the computational approach. (iii) The relative positions of the metal
centres do not substantially affect the exchange interactions. Furthermore, the use of optimized or
partially optimized structures also lead to similar calculated J values (see Supplementary Materials).
The plotted spin densities of the ferromagnetic solutions of the complexes show that between the
metal cation and its neighbouring atoms, the predominant spin relaxation mechanism is spin
delocalization due to the presence of two electrons in the antibonding orbitals: e; Fe'' orbitals mix
extensively with antibonding ligand orbitals resulting in a spin density of the same sign in these atoms.
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However, the nanotube is controlling the polarization mechanism as is clearly reflected by the typical
pattern of alternating signs (a large positive contribution in one atom and a small negative one in the
neighbour). For larger nanotubes, the study was extended by introducing three fullerenes inside the
nanostructure. Only one case (10,10) showed a qualitative change in the sign of the exchange coupling.
In the case of the (10,7) system, there is a considerable decrease of the ferromagnetic coupling. Further
analysis of the spin density revealed delocalization of the spin density of the fullerene nanotube. One
possible cause of this unusual behaviour could be the smaller diameter; for instance, the equivalent
system with the (11,6) nanotube has a very similar diameter, but the spin density in the internal fullerenes
was not delocalized.

Supplementary Materials

Figure S1 including the spin distributions of the studied SWNTs. Figure S2 comparison optimized
and model structure of (7,6) nanotube. Table S1 J values with shift of C60 molecules inside (11,6) and
(9,8) nanotubes.
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