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The optoelectronic properties of single- and double-wall carbon nanotubes (CNTs) noncovalently func-
tionalized with tetraphenylporphyrins (TPPs) are addressed by dispersion-corrected ab initio calculations.
Five CNT species with different chiralities were considered. We find that the most stable configurations
are those where the CNTs are fully covered by TPPs, exhibiting binding energy of about 2 eV/TPP. The

semiconducting CNT-TPP compounds show optical response characterized by a strong absorption asso-
ciated to the TPP bands, with increasing intensity with the TPP concentration. In addition, molecular
dynamic simulations show that the compounds would be stable at temperatures as high as 100°C.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The noncovalent functionalization of carbon nanotubes (CNTSs)
with porphyrin chromophores has proven to be an efficient
method that combine the strong photoabsorption of porphyrin
with the CNT electron transport and charge separation proper-
ties. This supramolecular assembly has been explored recently
as light-harvesting donor/acceptor complexes [1-10], as well
as for the electrocatalysis of the oxygen reduction reaction
[11-14]. Some schemes proposed for the such a functionalization
include the CNT encapsulation in micelles of surfactant [15] or
in polymers. Recently, CNT-porphyrin complexes obtained from
a micelle-swelling technique have shown an extremely efficient
energy transfer from the photosensitized porphyrin to the nano-
tubes with a remarkable stability, confirming the potentiality
of these complexes for light-harvesting applications [16]. How-
ever, some key parameters like the TPP concentration on the
CNT surface and the stability of the compounds are not yet
clarify.

Another important issue concerning the noncovalent function-
alization of CNTs with organic molecules or polymers is the ability
to discriminate between nanotube species in terms of either diam-
eter or chiral angles. Experiments have reported a substantial
separation of single-wall CNT according to their chirality (metal-
lic versus semiconducting) after the adsorption of porphyrins and
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organic polymers [18,17]. Other experiments reported improve-
ment in the preparation of CNT-polymer solutions with a high
degree of selectivity, favoring CNTs with large chiral angles and
the inhibition of the metallic species [19]. Although the mecha-
nism causing the selectivity is not clearly understood, the above
experiments suggest that the CNT-polymer bonding is strongly
influenced by both the relative orientation of the polymer chain
to the nanotube structure, as well as possible charge transfer from
metallic CNTs.

In the present work we investigate semiconducting single-
and double-wall CNTs noncovalently functionalized with free-base
tetraphenylporphyrin (TPP) molecules. Our goal is to give insight in
the stability of such complexes with temperature and also deter-
mine its electronic properties and optical response. Additionally,
we consider both metallic and semiconducting CNTs with a similar
diameter in order to identify a possible chirality dependence in the
TPP adsorption strength. Our results show that the TPP molecules
tends to cover the whole CNT surface, driven by quite strong dis-
persive forces. The CNT-TPP binding energies would depends on
the CNT diameters instead of chirality, as previously found for
a single TPP adsorbed on different CNTs [20]. We also find that
the CNT-TPP complexes would be stable at 100°C according to
our molecular dynamic simulations. Interestingly, the TPP absorp-
tion bands remain almost unchanged after the TPP stacking on
the CNT surface, showing a small redshift. However, the intensi-
ties of the TPP absorption bands increase with the concentration of
molecules on the CNTs, independently if they have single or double
wall.
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2. Computational method

The calculations are carried out using density functional the-
ory (DFT) including Van der Waals (VdW) dispersion-corrected
exchange-correlation functional, as implemented in the SIESTA
ab initio package [21]. A double-¢, singly polarized basis of local-
ized atomic orbitals is used, while the core-electron interaction
is described with norm-conserving pseudopotentials. We investi-
gate the TPP adsorption on the metallic (10,10) and semiconducting
(16,0) single-wall CNTs, with diameters of 13.9 and 12.8 A, respec-
tively. We also consider the double-wall CNTs (10,10)@(5,5) and
(16,0)@(8,8), where the inner CNTs have diameters of 7.0 and
6.4 A, respectively. These CNTs can host up to five TPP molecules
around the perimeter. In order to describe the CNTs fully covered
with a single layer of TPPs, we use a supercell with a volume of
(38 x 38 x ag) A3, and periodic boundary conditions along the nano-
tube axis (z direction). For (16,0) and (10,10) CNTs, ag is chosen
to be four and seven times de CNT lattice constant, of 4.334 and
2.500A, respectively. For the double-wall CNTSs, the ag parameter
is the same. The cell size along z can host one molecule, giving a
separation between images of about 3.8 A. These supercells allow
us to describe the (10,10)-5TPP and (16,0)-5TPP compounds with
a maximum concentration of about 0.3 TPP/A.

We also study the (6,5) CNT fully covered with a single layer
of TPPs. This CNT has a diameter of 7.7 A and can host up to four
molecules around the perimeter, as previously established [22]. To
describe the CNT periodicity along z, we use a supercell with a vol-
ume of (30 x 30 x ap) A3, where aj is the CNT lattice constant, of
41.327 A. The cell size along z can host a maximum of two molecules
side by side, therefore with this supercell we can describe two
adjacent rings of TPPs around the CNT, that is the (6,5)-8TPP com-
pound. This configuration represents the full surface coverage with
a concentration of about 0.2 TPP/A.

The self-consistency of the density matrix is achieved with a
tolerance of 10~* and a common basis size or energy shift of
10meV is applied. A grid cutoff of 100Ry and the I" point were
used for the real-space and k-space integration, respectively. The
accuracy of these parameters were tested considering larger grid
cutoffof 150 Ry and k mesh of 1 x 1 x10. Negligible variation in total
energy, optical spectra and band structures were found, ensuring
converged results. For the optical calculations, we use a 1 x 1 x31
k-point mesh, for incident light polarized along the CNT axis. The
CNT-TPP binding energy is calculated by the energy difference
between adsorbed and separated constituents, considering correc-
tions due to the basis set superposition error. The CNT-TPP systems
were fully relaxed by conjugate gradient minimization until the
forces on the atoms were less than 0.05 eV/A. The dynamical prop-
erties and stability of the (16,0)-TPP, (10,10)-TPP and (6,5)-TPP
systems were investigated by molecular dynamic simulations in
the NVT ensemble using the Nosé-thermostat approach at 373K
over a total simulation time of 4 ps, with a time step of 1 fs.

The physisorption of the TPP molecules on the CNT surfaces is
assessed by VAW density functional. We test different parametriza-
tions for the VAW functional by calculating the benzene adsorption
on graphene. These parametrizations include those of Dion et al.
(DRSLL) [23], Klimes et al. (KBM) [24], Vydrov and Van Voorhis (VV)
[25], Cooper (C09) [26], Berland and Hyldgaard (BH) [27], and Lee
et al. (LMKLL) [28]. Figure 1 shows our results for the interaction
energy as a function of the adsorption distance for the different
VdW parametrizations. The square box indicates the experimen-
tal binding energy of benzene on graphite of 0.5+0.08eV [29],
whereas the variation in distance ranges between the experimen-
tal interlayer separation of graphite (3.35A) and that of double
layer graphitic carbon (3.84 A) [30]. As can be seen in Figure 1, the
parametrization that best approaches to the experimental bind-
ing energy of benzene on graphite is that of DRSLL. The difference
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Figure 1. Interaction energy as a function of the separation for the benzene adsorp-
tion on graphene calculated with different parametrizations for the Van der Waals
density functional. The square box indicates the available experimental data.

with respect to the experimental results is about 0.15 eV, which in
some way represent the error of the binding energy calculations.
The VAW parametrization of DRSLL will be used throughout this
work.

The optical response of the functionalized CNTs is obtained
through first-order time-dependent perturbation theory, by calcu-
lating the imaginary part of the dielectric function (&;). &, gives
us a first approach for the optical absorption coefficient and it is
calculated according to the equation:

£2(w) = A / Ay 1€ (WO W) P S(E ~ By~ o), (1)

v

where A is a constant that depends on the cell size; V. and ¥,
are the occupied and empty Kohn-Sham orbitals, respectively.
The delta function represents the conservation of energy, which
is described by a GAussiaN function with a smearing of 0.06 eV. We
must note that DFT calculations do not include electron-hole and
electron-electron interactions, the so called many-body effects. An
accurate description of the optical response or photoexcitations in
CNT-TPP compounds needs theories beyond DFT. However, these
calculations are currently prohibitive considering the size of the
systems under study. Thus, &, as calculated by perturbation the-
ory can give a first approach for the CNT-TPP absorption spectra,
which are typically redshifted by about 0.8 eV with respect to those
including many body effects.

3. Results and discussions
3.1. Stability and electronic properties

Figure 2 illustrates the TPP molecules adsorbed on the semi-
conducting (16,0) CNT in the equilibrium geometry. The molecules
are initially placed in positions close to those depicted in Figure 2,
but with larger separations among them. Then, the whole sys-
tem is allowed to relax without any constraint. The most stable
configuration is found for an array of five TPP molecules cov-
ering the CNT perimeter, forming a ring around the CNT. The
system evolves in such a way that the TPP molecules tend to
fit in the most compact configurations, that is with the phenyl
group of one molecule between those of the neighboring molecules.
The TPP binding energy in the (16,0)-5TPP complex is found to
be of 2.10eV/TPP, which is 0.14eV higher in energy than the



W. Orellana / Chemical Physics Letters 634 (2015) 47-52 49

R N 24

(a)

Figure 2. Schematic representation of TPP molecules adsorbed on single- and double-wall CNTs in the equilibrium geometry. (a)-(b) Top and front views of (16,0)-1TPP, (c)

(16,0)-5TPP, and (d) (16,0)@(8,0)-5TPP.

adsorption of a single TPP, suggesting that the full surface coverage
is energetically favorable. The TPP adsorption on the double-wall
CNT (16,0)@(8,0) shows a binding energy of 2.20eV/TPP. This
suggests that the relevant interaction behind the strong adsorp-
tion occurs between the adjacent aromatic systems with a small
contribution from the inner CNT. For the metallic compounds
(10,10)-5TPP and (10,10)@(5,5)-5TPP, we observe a similar behav-
ior.

Previously, we reported calculations for the TPP adsorption on
the semiconducting (6,5) CNT, of 7.7 Ain diameter, considering
different concentrations of adsorbed molecules [22]. The most sta-
ble compound is found for a configuration of four TPPs covering
the CNT perimeter, with a binding energy of 2.45eV/TPP. In the
present work we have realized that the TPP binding energy strongly
depends on the parametrization of the VAW interaction, as shown
in the Figure 1. Thus, we have reevaluated the TPP binding energy
for the (6,5)-4TPP compound, considering the best parametrization
for the VAW density functional. Our results show a lower binding
energy of 1.79eV/TPP, which we believe is more realistic than our
previous result.

Table 1 lists the adsorption distances and binding energies for
the TPP molecules adsorbed on the single- and double-wall CNTs.

According to these results we can infer some general proper-
ties for the CNT-TPP compounds: (i) The TPP binding energy tends
to increase with the CNT diameter, somewhat expected due to the
CNT-TPP mr-stacking interaction, which is maximum for planar sys-
tems. (ii) For single- and double-wall CNTs, the TPP binding energy
is almost the same, suggesting that the adsorption interaction is
localized, that is, depending mostly on the adjacent aromatic sys-
tems. (iii) The number of molecules on the CNT surface tends to
increase the adsorption energy, favoring the full surface coverage.
We observe an increase in the compound binding energy of about

0.2 eV per molecule for higher concentrations. We attribute this
result to an additional VAW attractive force among the TPP phenyl
groups which would play a key role in the stabilization of the TPP
layer covering the CNT.

Figure 3 shows the density of states (DOS) close to the Fermi
level for the single- and double-wall CNTs fully covered with TPP
molecules. The Fermi energy (Er) is placed at the center of the
energy gap for the semiconducting systems. The vertical lines in
the figure indicate the frontier orbitals of the isolated molecule:
HOMO-1, HOMO, LUMO, and LUMO+1. The states added to the
CNT DOS by the HOMO-1 and HOMO levels are identify by peaks
ataround —1.0and —0.5 eV, respectively. Whereas the states associ-
ated to LUMO and LUMO+1, which are very close in energy, appear
as a larger single peak at around 1eV. The height of these peaks
are related to the number of TPP molecules adsorbed on the CNTs.
On the (6,5) CNT we put eight TPPs per supercell, referred as (6,5)-
8TPPin the Figure 3a. Therefore, the molecular peaks are larger than
those found in the (16,0)-5TPP and (10,10)-5TPP compounds, con-
taining five molecules, as shown Figure 3b and 3(c), respectively.
We verify that the strong CNT-TPP interaction induces distortions
in the adsorbed molecules, resulting in small changes in the posi-
tion of the energy levels, which explain to some extent the width
of the absorption peaks and also the decrease in the HOMO-LUMO
energy with respect to the free molecule, as shown in the Figure 3.

For the (6,5) CNT we observe a reduction in its band gap as
induced by the TPP adsorption, as shown Figure 3a. This behav-
ior can be explained for the position of the TPP HOMO levels
which coincide with the CNT valence band maximum, inducing
the rising of these levels inside the CNT band gap, as previously
discussed for the (6,5)-4TPP compound [22]. Regarding the double-
wall CNTs fully covered with TPP molecules, we observe essentially
the same electronic properties than those of the single-wall CNT,
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Table 1

Adsorption distance (r) and binding energy (E,) of TPP molecules adsorbed on single- and double-wall CNTs. D (d) is the diameter of the outer (inner) double-wall CNTs. The

metallic (M) or semiconducting (S) property of the compounds is also indicated.

Compound Property D d r Ep
(A) (A) (A) (eV/TPP)
(6,5)-1TPP S 7.68 - 3.64 1.31
(6,5)-4TPP S 7.65 - 3.14 1.79
(6,5)-8TPP S 7.65 - 3.14 1.95
(16,0)-1TPP S 12.81 - 3.16 1.96
(16,0)-5TPP S 12.82 - 3.23 2.10
(16,0)@(8,0)-1TPP S 12.87 6.44 3.12 1.97
(16,0)@(8,0)-5TPP S 12.92 6.44 3.18 2.20
(10,10)-1TPP M 13.89 - 3.24 2.02
(10,10)-5TPP M 13.88 - 323 2.26
(10,10)@(5,5)-1TPP M 13.90 7.02 3.20 2.04
(10,10)@(5,5)-5TPP M 13.92 7.02 3.21 2.24
i — 65 (a) in twg elgctronic components, x and y, owi}ng to the symmetry
. - — (6,5)-8TPP breaking in the TPP molecule due to the alignment of the N—H
> 100~ bonds in one direction. Theoretically, the optical response of the
z ‘ ‘ CNT-TPP compounds can be estimated through the imaginary part
S of the dielectric function (&;), which is proportional to the opti-
2 50 cal absorption, considering a light polarization parallel to the tube
8 axis. For the free TPP, our results show clear resonances at 2.04
A and 1.60 eV, which we associate to the B and Q bands, respectively.
These resonances can be characterized by transitions between TPP
R S frontier orbitals [31]. Consequently, Qx (Qy) can be associated to
the transition from HOMO to LUMO (LUMO+1), while By (By) to
100 — — (160) (b) the transitions from HOMO-1 to LUMO (LUMO+1). The close prox-
S T — Eiggiég g)-sm) imity in energy between LUMO and LUMO+1 levels, of less than
2 . : H 0.1 eV, leads to the appearance of single peaks in the optical spec-
% trum of the compound, which we called Qyy and Byy. We observe
A 50 that the theoretical energy difference between Qxy and Bxy bands
- (0.44eV) is close to those observed in experiments (0.47 eV) [16].
8 Therefore we can say that the difference in energy between Qxy and
Byy is well represented by the frontier orbital approximation [31].
ol 1T Ll L However, experiments show the B band at 2.831 eV, while in our
theoretical approach it is found at 2.04 eV. Thus, our single-particle
100 E——yT © approximation shows a general redshift of 0.8 eV in the absorption
R i — (10.10)-5TPP spectra of the CNT-TPP compound, but qualitatively preserving the
% L — (10,10)@(5,5)-5TPP characteristic of the TPP absorption bands.
z L ‘ ‘ H It is important to note that excitonic effects alter dramati-
S cally the optical spectra in semiconducting CNTs. For each peak
» 50 obtained with the single-particle approximation, it is found a
8 [\ series of visible exciton lines when hole-electron interaction is
A included [32]. Optical excitation of CNT in photoluminescence or
L | ‘ | Raman experiments have confirmed these excitonic states, which
(_)1 s 0 05 00 0.5 10 15 for CNTs with diameters around 8 A lie several hundred of meV
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Figure 3. Density of states for the CNT-TPP compounds: (a) (6,5)-8TPP, (b) (16,0)-
5TPP and (16,0)@(8,0)-5TPP, and (c) (10,10)-5TPP and (10,10)@(5,5)-5TPP. The
vertical lines represent the frontier orbitals of the free TPP molecule.

unless a small shift to lower energies which is more pronounced
for the semiconducting CNT species, as shown Figure 3b and
c. We attribute this shift to a weaker interaction between the
molecules and the outer CNT due to a screening effect, which are
also expressed in the larger TPP adsorption distance, as shown in
Table 1.

3.2. Optical absorption properties

The optical absorption spectroscopy of the TPP molecule shows
resonances at 2.831 and 2.357 eV, which are associated to the B
(Soret) and the first Q bands, respectively [16]. B and Q bands split

below the conduction band edge [33]. If both electron-electron
and electron-hole interactions were included in our calculations,
no redshift on the CNT optical transition should be expected. In
addition, because the molecular absorption bands are located far
from the CNT conduction-band edge, the optical transitions of
the adsorbed molecules should not be altered. This has been con-
firmed by optical absorption spectroscopy of isolated TPPs and the
CNT-TPP compounds [34].

Figure 4 shows the imaginary part of the dielectric function
for the semiconducting CNTs functionalized with TPP molecules
with different concentrations, as compared with the pristine CNTs.
For the fully coverage configurations: (6,5)-8TPP, (16,0)-5TPP and
(16,0)@(8,0)-5TPP, we clearly identified two peaks at around 1.5
and 2.0eV which are associated to the Qxy and By, bands of the
adsorbed molecules, respectively. The intensity of these peaks can
be related with the concentration of adsorbed molecules. For the
(6,5)-8TPP compound, we observe a redshift of the By, band by
about 0.1 eV. This redshift can be associated to the screening of the
Coulomb interactions in the nanotube by the adsorbed molecules,
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Figure 4. Imaginary part of the dielectric function for the semiconducting CNT-TPP
compounds: (a) the (6,5)-TPP, (b) the (16,0)-TPP, and (c) the (16,0)@(8,0)-TPP. The
dashed lines indicate the Q, and By, absorption bands of the free TPP molecule.

in agreement with experimental results [34]|. However, the oppo-
site situation occurs for the (16,0)-5TPP and (16,0)@(8,0)-5TPP
compounds where the Qyy band is redshifted while the Soret band
remains almost unchanged. Additionally, we note that the TPP
adsorption on the different CNT-TPP compounds appear to be not
affected by the nature of the CNT, suggesting that multi-wall CNTs
would exhibit the same optical properties that those observed in
single-wall CNTs.

3.3. Molecular dynamic simulations

The stability of the CNT-TPP compounds is investigated through
ab initio molecular dynamic simulations at 100 °C, which is a typical
temperature for a device operation. We consider a total simula-
tions time of 4 ps. After a stabilization during 2 ps, we analyze the
adsorption distance r of each TPP molecule on the CNT surface for
the compounds (10,10)-5TPP, (16,0)-5TPP, and (6,5)-4TPP. The evo-
lution of the adsorption distance with time is obtained by taking
the minimum distance from a TPP N-atom to the closer nanotube
C-atom, with the help of the LPMD code toolkit [35]. Our results
are shown in Figure 5. As can be seen, the TPP molecules fluctu-
ate onto the CNT surface without desorbing. The mean adsorption
distances of the five TPP molecules on the (10,10) and (16,0) CNTs
are found to be of 3.619 and 3.623 A, respectively, which are 11.6%
and 12.2% larger than those found for the equilibrium geometry at
O0K. The high TPP binding strength is also observed in the smaller
(6,5) CNT, with a diameter of 7.7 A, as shown our MD simulation for
(6,5)-4TPP. Here the mean adsorption distance, of 3.550 A, is 13.1%

Simulation Time (fs)

Figure 5. Adsorption distance r as a function of time for the molecular dynamic
simulation of the CNT-TPP compounds at 373 K. The dashed lines indicate the aver-
age adsorption distance. The different curves indicate the evolution of r for each TPP
molecules.

larger than the adsorption distance at O K. This confirms the strong
attractive interaction of the (6,5)-TPP compounds as experimen-
tallyreported [36]. The above results suggest that the TPP molecules
remain adhered to the CNT surface at temperature as high as 100 °C.
However, the large TPP binding energy, of about 2 eV, suggests a
much higher desorption temperature. To check this, we performed
additional MD simulations for (16,0)-5TPP, considering a tempera-
ture of 500 °C. Our results reveal that the TPP molecules still remain
adhered on the CNT surface, confirming the high stability of the
CNT-TPP compounds.

We also note that no sizable changes in the adsorption dis-
tance between the metallic and semiconducting CNTs is obtained.
Considering that the metallic (10,10) and semiconducting (16,0)
CNTs have similar diameters and they can host up to five TPP
molecules around its perimeter with almost the same binding ener-
gies (see Table 1), our results suggests that the CNT chirality would
not be a relevant parameter for the TPP binding strength.

4. Summary and conclusions

In summary, using dispersion-corrected DFT calculations and
linear optical response we have investigated the stability, electronic
and optical properties of single- and double-wall CNTs nonco-
valently functionalized with TPP molecules. CNTs with different
chiralities were also considered. Our results show that the most
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stable configuration for all CNTs under study are those where they
are fully covered by TPP molecules. This configuration shows bind-
ing energy of around 2 eV/TPP for all the CNT species. We find that
the molecular aggregation on the CNT surface is an exothermic pro-
cess with a gain in energy of about 0.2 eV. We also find that the
complex stability would be independent of both the CNT chirality
and the CNT number of walls. Therefore, no evidence of a preferen-
tial interaction of TPP molecules with metallic or semiconducting
CNTsis found. However the CNT diameter appears to be the relevant
parameter for the increasing TPP binding strength.

The semiconducting CNT-TPP compounds exhibit optical
response characterized by a strong adsorption associated to the
TPP bands, with increasing intensity with the number of adsorbed
molecules. This characteristic is preserved in double-wall CNTs,
suggesting that the TPP functionalization of multi-wall CNTs would
exhibit the same optical properties that those observed for the
single-wall CNTs.

Finally, the stability of the CNT-TPP compounds is investi-
gated by molecular dynamic simulations. Our results show that
TPP molecules in the fully covered configurations remain adhered
on the CNT surface at 100°C, with adsorption distance fluctuat-
ing around 3.6 A. Further simulations suggest that the CNT-TPP
compounds would be stable at temperatures as high as 500°C.
The above results suggest that semiconducting CNTs fully covered
with TPPs would exhibit excellent properties as a light-harvesting
material. In addition, the stability of the porphyrins/CNT complexes
is also very important in the field of electrocatalysis as they have
shown catalytic activity for the O, reduction reaction [12,13], while
hybrid metal-porphyrins/CNT systems are currently tested by sev-
eral groups around the world as electrode materials in fuel cells
[11].

Acknowledgement

This work was supported by the funding agency CONICYT-PIA
under the Grant Anillo ACT-1107.

References

[1] D.M. Guldi, H. Taieb, G.M.A. Rahman, N. Tagmatarchis, M. Prato, Adv. Mater. 17
(2005) 871.

[2] D.J.Hecht, RJ.A. Ramirez, M. Briman, E. Artukovic, K.S. Chichak, J.F. Stoddart, G.
Griiner, Nano Lett. 6 (2006) 2031.

[3] E.M.N. Mhuircheartaigh, S. Giordani, W.J. Blau, J. Phys. Chem. B 110 (2006)
23136.

[4] ].P. Casey, S.M. Bachilo, R.B. Weisman, ]. Mater. Chem. 18 (2008) 1510.

[5] D. Garrot, B. Langlois, C. Roquelet, T. Michel, P. Roussignol, C. Delalande, E.
Delaporte, ].-S. Lauret, C. Voisin, J. Phys. Chem. C 115 (2011) 23283.

[6] C. Roquelet, F. Vialla, C. Diederichs, P. Roussignol, C. Delalande, E. Deleporte,
J.-S. Lauret, C. Voisin, ACS Nano 6 (2012) 8796.

[7] J. Gupta, C. Vijayan, S.K. Maurya, D. Goswami, J. Appl. Phys. 109 (2011) 113101.

[8] J.K.Sprafke,S.D.Stranks,].H. Warner, R.J. Nicholas, H.L. Anderson, Angew. Chem.
Int. Ed. 50 (2011) 2313.

[9] Q.Zhong,V.V.Diev, S.T. Roberts, P.D. Antunez, R.L. Brutchey, S.E. Bradforth, ML.E.
Thompson, ACS Nano 7 (2013) 3466.

[10] H. Zhang, M.A. Bork, KJ. Riedy, D.R. McMillin, J.H. Choi, J. Chem. Phys. C 118
(2014) 11612.

[11] J.H. Zagal, S. Griveau, M. Santander-Nelli, S. Gutierrez-Granados, F. Bedioui, J.
Porph. Phthal. 16 (2012) 713.

[12] W. Orellana, Phys. Rev. B 84 (2011) 155405.

[13] W. Orellana, Chem. Phys. Lett. 541 (2012) 81.

[14] W. Orellana, J. Phys. Chem. C 117 (2013) 9812.

[15] MJJ. O’Connell, S.M. Bachilo, C.B. Huffman, V.C. Moore, M.S. Strano, E.H. Haroz,
K.L.Rialon, P.J. Boul, W.H. Noon, C. Kittrell, J. Ma, R.H. Hauge, R.B. Weisman, R.E.
Smalley, Science 297 (2002) 593.

[16] C. Roquelet, D. Garrot, ].S. Lauret, C. Voisin, V. Alain-Rizzo, Ph. Roussignol, J.A.
Delaire, E. Deleporte, Appl. Phys. Lett. 97 (2010) 141918.

[17] D. Chattopadhyay, 1. Galeska, F. Papadimitrakopoulos, J. Am. Chem. Soc. 125
(2003) 3370.

[18] H.Li, B. Zhou, Y. Lin, L. Gu, W. Wang, K.A. Shiral Fernando, S. Kumar, L.F. Allard,
Y.-P. Sun, J. Am. Chem. Soc. 126 (2004) 1014.

[19] A. Nish, J.-Y. Hwang, ]. Doig, R]. Nicholas, Nat. Nanotechnol. 2 (2007) 640.

[20] W. Orellana, J.D. Correa, ]. Mater. Sci. 50 (2015) 898.

[21] J.M. Soler, E. Artacho, ].D. Gale, A. Garcia, ]. Junquera, P. Ordején, D. Sanchez-
Portal, J. Phys.: Condens. Mater 14 (2002) 2745.

[22] W. Orellana, Appl. Phys. Lett. 105 (2014) 023110.

[23] M. Dion, H. Rydberg, E. Schroder, D.C. Langreth, B.I. Lundqvist, Phys. Rev. Lett.
92 (2004) 246401.

[24] ]. Klimes, D.R. Bowler, A. Michaelides, J. Phys.: Condens. Matter 22 (2010)
022201.

[25] O.A.Vydrov, T. Van Voorhis, ]. Chem. Phys. 133 (2010) 244103.

[26] V.R. Cooper, Phys. Rev. B 81 (2010) 161104.

[27] K. Berland, P. Hyldgaard, Phys. Rev. B 89 (2014) 035412.

[28] K. Lee, E. Murray, L. Kong, B.I. Lundqvist, D.C. Langreth, Phys. Rev. B 82 (2010)
081101.

[29] R. Zacharia, H. Ulbricht, T. Hertel, Phys. Rev. B 69 (2004) 155406.

[30] S.lijima, Chem. Scr. 14 (1978) 117.

[31] M. Gouterman, G. Wagniere, L.C. Synder, J. Mol. Spectrosc. 11 (1963) 108.

[32] C.D. Spataruy, S. Ismail-Beigi, L.X. Benedict, S.G. Louie, Phys. Rev. Lett. 92 (2004)
077402.

[33] F. Wang, G. Dukovic, L.E. Brus, T.F. Heinz, Science 308 (2005) 838.

[34] C. Roquelet, B. Langlois, F. Vialla, D. Garrot, J.-S. Lauret, C. Voisin, Chem. Phys.
413 (2013) 45.

[35] S. Davis, C. Loyola, F. Gonzélez, ]. Peralta, Comp. Phys. Comm. 181 (2010)
2126.

[36] F. Vialla, C. Roquelet, B. Langlois, G. Delport, S.M. Santos, E. Deleporte, P.
Roussignol, C. Delalande, C. Voisin, J.-S. Lauret, Phys. Rev. Lett. 111 (2013)
137402.


http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0005
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0010
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0015
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0020
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0025
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0030
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0035
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0040
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0045
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0050
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0055
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0060
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0065
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0070
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0075
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0080
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0085
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0090
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0095
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0100
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0105
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0110
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0115
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0120
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0125
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0130
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0135
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0140
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0145
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0150
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0150
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0150
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0150
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0150
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0150
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0150
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0155
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0160
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0165
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0170
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0175
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180
http://refhub.elsevier.com/S0009-2614(15)00398-X/sbref0180

	Single- and double-wall carbon nanotubes fully covered with tetraphenylporphyrins: Stability and optoelectronic properties...
	1 Introduction
	2 Computational method
	3 Results and discussions
	3.1 Stability and electronic properties
	3.2 Optical absorption properties
	3.3 Molecular dynamic simulations

	4 Summary and conclusions
	Acknowledgement
	References


