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| INTRODUCTION

Organic solar cells have received a lot of attention in recent years because they make it possible to diversify renewable energy sources thanks to their simple preparation, lightweight, low technological cost and large-area flexible fabrication 1;2;3;4;5 . However, their energy efficiency and durability need to be improved for the development of sustainable technology. In these devices, photovoltaic conversion is based on the separation of photogenerated charges at an interface between electron donor and acceptor materials, which imposes some constraints on the photoactive layer of the cells.

Fullerene derivatives are among the most popular materials used in organic or related photovoltaic devices 6;7;8;9;10;11 .

In particular, organic photovoltaic (OPV) solar cells using a bulk-heterojunction (BHJ) of conjugated polymer donors and fullerene derivative acceptors have shown the best performance with a solar power conversion efficiency (PCE) of 11.5% 12;13 . Single-walled carbon nanotubes (SWCNT) are also interesting potential candidates to replace the electronaccepting and transport fullerene phase in BHJ OPV systems 14;15 . Indeed, carbon nanotubes (CNTs) offer distinctive properties that are not found in fullerenes, such as: (i) the very broad spectral coverage with band-gap electronic transitions well into the near-IR spectral region to match the solar spectrum [START_REF] Kataura | [END_REF] , (ii) a charge mobility (about 105 cm 2 /V.s) 17 that may facilitate charge carrier transfer and/or dissociation and transport over an extended distance because of their large surface area (above 400 2 /g) and (iii) electron-accepting properties 18;19 .

Despite the fact that graphene has emerged to become the center of attention in the field of carbon nanomaterials in recent years 20 , there are still distinct advantages for the use of CNTs in energy conversion applications. Several studies on blends of conjugated polymers and SWCNT suggest that efficient exciton quenching occurs at these interfaces and many studies have shown direct evidence for the generation of mobile carriers in polymer-SWCNT composites 21;22;23;24 .

After exciton dissociation, ballistic carrier transport in single tubes and extremely high conductivity in networks suggest that SWCNT may yield higher mobilities and form more conductive percolation networks than fullerenes. OPV cells based on CNTs as acceptor on the concept of BHJ is one of the most promising. Nevertheless, the efficiency of this kind of device is limited because of the incomplete exciton dissociation 25;26 .

In addition, the electronic diversity of nanotubes produced which are typically a mixture of metallic and semiconducting CNTs 27;28 may affect the device efficiency due to the presence of the amount of metallic CNTs. As metallic SWCNTs do not have a true bandgap, one would naturally suspect these species to act as charge carrier or exciton recombination centers, lowering the efficiency of charge separation, and, by extension, the efficiency of devices. Thus, only semiconducting SWCNT are interesting for OPV as different authors report three-times long-lived charge carriers for the photocurrent generation by eliminating metallic CNTs 29;30 . Exciton separation across this interface could be possible, but it has been revealed that energy transfer rates limiting the ability of the Donor/Acceptor interface to separate excitons in free charge carriers, decrease with the diameter of the tubes 31 . A stable structure of the hybrid system with an optimal diameter to decrease energy transfer and allows the exciton separation at the interface is principal.

The inferior OPV device stability still remains a great challenge. Many factors limit the stability of organic solar cells such as: metastable morphology and heating 32 , oxygen and water 33 , and irradiation 34;35 . Indeed, the degradation of -conjugated molecules is a bottleneck impeding their application in OPV devices 36 . The use of these molecules as device materials in OPV technologies therefore requires the development of an innovative technique that can overcome this degradation problem. An efficient technique consists in encapsulating -conjugated molecules inside the hollow core of nanotubes 37 . This strategy is among the best methods to combine the physical properties of both systems without any mechanical or chemical damaging 38;39;40 and offers opportunities in achieving high efficiency and high stability of organic solar cells towards future industrial manufacture. With this perspective, the encapsulation of CNTs with photoactive molecules would have a major impact on OPV technology particularly thanks to the scaling-up of a variety of deposition and patterning methods available today allowing encapsulate the conjugated polymers inside CNTs 41;42 In this regard for important feedback on the PCE optimization, we report a reliable computational method to correlate chirality and diameter of SWCNT with characteristics of a photoactive nanocomposite. In this context, a non-covalent functionalization is employed and we choose the 4T@SWCNT as model system where the 4T is encapsulated into a SWCNT (Figure 1). We developed an hybrid approach, combining the density functional theory and molecular mechanics, to build the dynamical model of 4T@SWCNT. For this hybrid system, we performed total energy minimization to derive a stable structure with an optimal tube diameter. The knowledge of this structure allows to estimate the exciton separation. We also calculated the Raman spectra, using the bond polarizability model combined with the spectral moments method, of the free 4T molecule, empty SWCNTs with different diameters and chiralities, and 4T@SWCNT to analyze the influence of the encapsulation on the Raman fingerprints. From these Raman calculations, we discuss on an eventual charge transfer between the 4T oligomer and the nanotube. 

| MODEL, METHOD AND AP-PROACH

Calculation of Raman spectra requires the knowledge of the polarizability tensor (mainly for the intensity of Raman lines) and the dynamical matrix (mainly for the frequency position of Raman lines) of the system.

The dynamical matrix of a system has a 3Nx3N dimension, where N is the number of atoms in the primitive unit cell. Taking the symmetry of the system into account significantly decrease the number of matrix elements to be calculated.

However, in the case of the 4T@SWCNT hybrid system, we have no symmetry elements, except the trivial identity operation, and all the elements of the dynamical matrix have to be calclated. Fortunately, we can work with a lower or upper triangular matrix because the dynamical matrix is hermitian by definition.

First principles based methods are very accurate to compute the dynamical matrix (frozen phonon or density functional perturbation theory) but their computational cost is very high for large system (like 4T@SWCNT) and especially without any symmetry. Molecular mechanics could be an excellent alternative to build the 4T@SWCNT dynamical matrix but such a force field still remains unknown. Thus, we adopted three-step methodology taking advantage of the densiy functional theory and the molecular mechanics. The idea consists to decompose the 4T@SWCNT hybrid system into two independent subsystems (SWCNT and 4T), which will be coupled by an adequate empirical intermolecular potential.

The dynamical matrix of the oligomers molecules will then be calculated using DFT (first step) and the dynamical matrix of SWCNT will be computed from the force constant model introducted by Saito et al [START_REF] Dresselhaus | Physical properties of carbon nanotubes[END_REF] (second step). The interactions between 4T-SWCNT will be described by a van der Waals potential (third step). We choose a Lennard Jones type:

( ) = 4 12 - 6 (1) 
with parameters: = 2.964 meV and = 0.3407 nm for carbon atoms. = 10.7 meV and = 0.3560 nm for sulfur atoms. = 0.67 meV and = 0.1069 nm for hydrogen atoms.

The Carbon-Sulfur and Hydrogen-Carbon parameters were calculated using Lorentz -Berthelot rule:

= √ et = ( + )∕2.
The DFT calculations on 4T molecule have been performed with the SIESTA package, which use pseudo-potentials and localized atomic basis [START_REF] José | [END_REF] . We used the local density approximation (LDA). The valence electrons were described by a double-singly polarized basis set. The localization of the basis is controlled by an energy shift of 50 meV and the real space integration was performed on a regular grid corresponding to a plane wave cutoff around 360 Ry. We considered a vaccum size of 12Å to avoid interactions between adjacent systems.

The Raman susceptibilty of phonon modes is calculated according to the bond polarizability model of SWCNTs 45 combined with the one of free 4T molecules 46 . This approach has been successfully used to predict the nonresonant Raman spectra of SWCNTs and double-walled carbon nanotubes (DWCNTs) as a function of their lenghts 47;48;49;50 .

Calculations of Raman spectra of our studied systems are based on the spectral moment's method. For more details on this method, see Ref. 51 .

| RESULTS

| Stability of 4T@SWCNT

We determined the range of tube diameters in which the 4T@SWCNT hybrid system is stable. Such a study can guide experimentalists as they provide reliable estimates about reasonable nanotube sizes and the steric hindrance of the 4T oligomer inside the tube. We assume in our calculations that the 4T size is strongly reduced under nanoconfinement by aligning all the thiophene rings to form a planar structure.

The optimized configuration corresponds to an isolated chain inserted into the carbon nanotube and centred along the nanotube main axis. In practice, the structure relaxation was achieved by minimizing the distances between atoms associated to Lennard-Jones potential. Figure 2 shows the Lennard Jones potential for 4T@SWCNT as a function of the tube diameter ranging from 0.8 to 2.5 nm. We observe a minimum at 0.94 nm corresponding to the equilibrium distance between the SWCNT and 4T molecule. Thus, the insertion of a single 4T oligomer, aligned along the axis of the carbon nanotube and located at its center, is favorable for SWCNTs whose diameter is close to 0.94 nm. This diameter is in agreement with the experimental observations of Alvarez et al. 52 for a single 4T molecule. Note that a distribution of SWCNTs ranging from 0.9 to 1.0 nm in diameter with corresponding S1 optical bandgaps ranging from 1.0 to 1.2 eV 16;53;54 , could be employed to capture photons of energy h > 1 eV, which is almost the same spectral range captured by a silicon solar cell. Indeed, on the concept of BHJ , following photon absorption of either 4T or SWCNT, the excitation of 4T followed by electron transfer, or the excitation of SWCNT followed by hole transfer lead to the same charge separation state, and therefore, the spectral coverage realized by a particular mixture of SWCNTs with diameter around 0.94nm can be exploited to optimize lightharvesting and, by extension, the power conversion efficiency of organic solar cells (OSCs). 

| Raman spectra of isolated 4T

The calculated Raman spectrum of 4T oligomer is reported in 

| Raman spectra of 4T@SWCNT

Raman lines of pristine (empty) carbon nanotubes can be divided into two ranges of frequencies: below 400 cm -1 where are located the radial breathing modes (RBM) and above 1500 cm -1 where are located the tangential modes (G-band). These modes are especially relevant to probe an eventual charge transfer between 4T and SWCNT. This possibility (or not) of a charge transfer is of major interest in the nanotube community workers and constitutes the main question of this work.

To answer to this question, we considered six 4T@SWCNT with different tube chirality ( , ) and whose the diameters are around 0.94 nm (the optimal value found in section 3.1 to encapsulate only one 4T). Among them, three are metallic [(12,0), (11,2) and (7,7)] and three are semiconducting [ (8,6), (9,5) and (10,3)]. The ZZ-polarized Raman spectra of empty SWCNTs and hybrid systems after minimizations are displayed in Figures 4 (metallic tubes) and 5 (semiconducting tubes). For each SWCNT and 4T@SWCNT, the intensities of the different spectra are normalized and can be therefore compared. At first glance and whatever the nature (metallic or semiconducting) of the nanotube, Raman spectra of the 4T@SWCNT hybrid systems seem to be to the superposition of the 4T and SWCNT spectra. However, a more careful analysis shows several differences which are characteristic of the interactions between the 4T and SWCNT in hybrid systems. Indeed, the libration modes (8 and 20 -1 ) of 4T oligomer and evidenced in Figure 3 disappear in Figures 4 and5 after encapsulation. This type of reciprocating motion, in which the free 4T repeatedly rotates slightly back and forth, is deactivated after encapsulation. This absence of libration can explains a certain stability of 4T inside the SWCNT cavity.

In addition, an upshift of all Raman lines between 1 and 9 cm -1 is observed in the 4T@SWCNT spectra with respect to corresponding ones in the free 4T oligomer. This upshift associated to van der Waals interaction is another hint of a significant interaction between 4T and the nanotubes. The radial breathing modes (RBM) clearly exhibit a frequency upshift after encapsulation by about 1 cm -1 for 4T@(7,7) nanotube (Figure 6, bottom). Let us recall that, charge transfer (positive or negative) onto individual metallic nanotubes has been shown to induce a small RBM up-shift of about 2 cm -1 58 . The shift of a few to a higher frequency indicates that the diameter of the nanotube is energetically favorable for the encapsulated molecules as predicted by Okada and co-workers for nanotubes encapsulating fullerenes 59 . For 4T@(11,2) and 4T@(12,0) hybrid systems, no shift of RBM position is observed in Figure 6. Such a behavior is observed when rubidium atoms (electron donor molecule) are encapsulated into bundles of CNT 60 . Conversely, in the case of semiconducting nanotubes, the RBM observed in empty tubes is downshifted by about 2 cm -1 for both 4T@(10,3) and 4T@(9,5) and by about 1 cm -1 for 4T@(8,6) as shown in figure 6. In order to discuss the origin of this mode softening, it is worth mentioning that the dispersive interactions (vdW) lead to a small downshift (2 or 3 cm -1 ) for fullerene molecules 61 . Generally, the RBM shifts are at most -3 -1 for dispersive interactions 59;61;62 and 2 -1 for charge transfer 58;63 .

In addition, the lower shift of the RBM frequencies originates from modulation of the charge distribution of -electrons in the nanotubes induced by the encapsulation 59 . By contrast, insertion of lithium (electron donor molecule) gives rise to a small down-shift 64 . However, the physical interactions of thiophene molecules with the nanotubes are probably dispersive and combined to a slight charge transfer as reported by Alvarez et al 52 . using Raman and infrared spectroscopies. 

F I G U R E 7

The G-band Raman spectra of empty SWCNT (black curve) and 4T@SWCNT (red curve). (left) Metallic SWCNT. (right) Semiconducting SWCNT. peak assigned to A 1 (ZZ) tangential modes. This peak is centered at 1582 cm -1 in the (7,7) SWCNT and at 1591 cm -1 in the (12,0) SWCNT. In the following, we use the terms G - and G + when referring to the lower-frequency peak and the higher-frequency peak, respectively. When increasing from 0 to 30 • , we observe the appearance of two peaks (G -and G + ) at frequencies close to the frequency of the zigzag and armchair tangential modes (see for instance the (11,2) whose the chiral angle is 8 • ). Consequently, the G + (resp.G -) peak is dominant in the zigzag (resp. armchair) tube, while both the G + and G -peaks appear in chiral tubes (0

• < < 30 • ).
The intensity of these peaks (G -and G + ) shifts from the one located around the frequency of the zigzag to that located around the frequency of the armchair when increasing . In all our calculations, the G -and G + features were assigned to the transverse optical (TO) and the longitudinal optical (LO) phonon modes, respectively, independent of whether the nanotube is metallic or semiconducting. With the 4T encapsulation, the 4T@SWCNT spectra (red curves) exhibit not only the G-bands of the nanotubes (G -and G + ) between 1560-1620 cm -1 ) but also the C-C stretching vibrations of the confined 4T molecule located around 1575 cm -1 . For metallic SWCNT (left hand part of the figure), the influence of the confinement shows that the G -peak (TO mode) position shows a downshift by 1 cm -1 in the 4T@(7,7), the G + peak (LO mode) shows a significant upshift by 4 cm -1 in the 4T@(12,0), and the 4T@(11,2) spectrum clearly exhibits the same shift of these two G-bands. For semiconducting SWCNT (right hand part of Figure 7), the three considered tubes, (10,3), (9,5) and (8,6), are chiral with ∼ 13, 20 and 25 • , respectively. Both the G + and G -peaks appear in the Raman spectra of empty tubes. After encapsulation, all spectra exhibit a G -peaks (TO modes) downshifted by 1 cm -1 . At the opposite, the G + peaks (LO modes) shows a significant upshift by 3 cm -1 for both the 4T@(10,3) and 4T@ (8,6), and by 2 cm -1 for the 4T@(9,5). Based on these observations, The G-band behavior for both metallic and semiconducting SWCNT show similar trends under the confinement effect. The G -(TO-modes) of SWCNT show a slight downshift of about 1 -1 , whereas the G + (LO-modes) demonstrate a larger upshift between 2 and 4 cm -1 . These shifts to higher frequencies of the G + peaks, which corresppond to axial displacement of the atoms (see Indeed, the literature reports that p-doping always leads to the contraction of bonds and phonon stiffening 65 . In the other hand, for the slight downshift of the G -peaks, which refers to a circumferential displacement of the atoms (see Figure 8(top)), there is probably a competition between dispersive interactions of 4T molecules with the nanotubes which cause phonon softening and the downshift of the G -peaks, and the effect of slight charge transfer which results in the upshift of the G -peaks. Both effects may compensate each other, and the shift of the G-band is expected to be smaller or even to have the opposite sign than for p-doping.

| 4. DISCUSSION

To make a comparison with the experimental data as realistic as possible, we discuss in this section the result of our calculations on the G + and G -peaks to those obtained over the years by various theoretical and experimental works.

One method to distinguish between metallic and semi-F I G U R E 8 Calculated eigen displacement vectors for the tangential modes in (11,2) tube (left) and 4T@(11,2) (right).

conducting SWCNT is based on the distinct differences in the Raman line shape of the tangential G-band. The Gband of SWCNT consists of two main peaks due to the curvature-induced inequality of the two bond-displacement directions: a lower-frequency peak (G -) in the 1550-1570 cm -1 range and a higher-frequency peak (G + ) near 1580-1590 cm -1 . In semiconducting tubes both peaks are sharp (narrow Lorentzian peaks), while in metallic tubes the G -is extremely broad 66;67;68 . However, optical phonon modes in nanotubes were studied theoretically by various methods, such as zone-folding schemes 69 , force-constant models 70;71 and first-principles based methods 72;73;74;75;76;77;78;79 , and different models have been developed for the description of the peculiar line shape of the Raman G-band in metallic carbon nanotubes. In refs. 80 for example, Kempa proposed phononplasmon interactions as the origin of the metallic line shape where the G -and G + features were respectively assigned to the TO and LO phonon as in the case of semiconducting tubes. In contrast, other models treated this broad G -peak through a Breit-Wigner-Fano (BWF) line shape ascribed to the strong coupling between the LO phonon and electronic excitations 68;72;81;82 . In these models, the LO frequency is below the TO frequency due to the strong electron-phonon coupling, and consequently, the G -peak is assigned to the LO phonon. As a result, the frequency of the LO phonon drops below the frequency of the TO phonon in metallic nanotubes. However, the assignment of the G -and G + Raman peaks to the TO and LO phonons for metallic nanotubes is still under debate with contradicting conclusions appearing in the literature, even if there is accumulating consensus that the broad G -peak is a softened and broadened LO phonon feature arising from Kohn anomalies.

In view of these results from the literature, the splitting of the G -and G + peaks (two narrow Lorentzian peaks) in our calculations, and their assignment to the TO and LO phonons respectively, seems to be in good agreement with the experimental data for semiconducting nanotubes. In the case of metallic nanotube, our results are more problematic as the asymmetric G-band line-shape in Raman spectra is related to Fano resonance (BWF) lines. However we highlight that our calculations does not consider the eletron-phonon coupling responsible for the BWF line shape in metallic SWCNT.

This will be studied in a future works towards improving the detailed comparison of the theoretical and experimental frequency shifts in hybrid systems with metallic SWCNT.

Nevertheless, even with the present limitations, our predictions concerning the number and frequency of Raman lines obtained in the framework of a nonresonant Raman theory do not depend on the resonant process of Raman scattering and can be helpful to interpret the frequencies shifts in experimental data of hybrid systems.

| 5. CONCLUSIONS

In this study, we use an orignal approach to study the encapsulation of a 4T molecule inside SWCNT. The dynamical model of the 4T and the nanotube have been respectively described by DFT and molecular mechanics whereas the coupling between the 4T molecule and the nanotube have been described by a Lennard-Jones potential. First, we found that the configurations energetically favorable for the insertion of a single molecule aligned along the nanotube main axis and located at its center, are those with a tube diameter around 0.94 nm.

Then, for the obtained configurations of 4T@SWCNT hybrid systems with metallic and semiconducting nanotubes, the nonresonant Raman spectra have been calculated using the bond-polarizability model combined with the spectral moments method. The charge transfer in the 4T@SWCNT has been investigated by analysing the Raman-active modes of the 4T molecule, as the RBM and G-band modes of SWCNT, before and after encapsulation. Finally, we conclude that a possible charge transfer between the 4T and the SWCNTs independently of their metallic or semiconducting character.

In this context, the encapsulation of organic molecules inside carbon nanotube, thus creating a new hybrid system, appear to be of great interest for solar cell applications.

F I G U R E 1

 1 Schematic representation of the 4T encapsulation into a SWCNT. The yellow color indicates the Sulfur, grey the Carbon, and white the Hydrogen atoms.
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 2 Minimization energy calculations of 4T@SWCNT with different diameters.

Figure 3 3

 33 Figure 3 up to 1600 cm -1 and shows several distinct lines at 8, 20, 97,160, 315, 369, 463, 633, 697, 844, 877, 1055,1201, 1266, 1283, 1344, 1412, 1503, 1521 and 1575 cm -1 . We assigned these lines according to the various experimental and theoretical Raman studies on polythiophene reported in literature 55;56;57 . The couple of lines at 8 and 20 cm -1 are libration modes. The lines at 97 and 315 cm -1 are assigned to in-plane vibrations characterized by the C-S-C bending modes (the ring deformation C-S-C). The in-plane vibrations characterized by torsional modes S-C are evidenced at 160 cm -1 . The line at 369 cm -1 is assigned to in-plane vibrations characterized by torsional modes C-C and out-of-plane vibrations characterized by torsional modes S-C. The line at 463
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  I G U R E 4 Calculated Raman spectra of a 4T encapsulated into a metallic SWCNT.

F I G U R E 5

 5 Calculated Raman spectra of a 4T encapsulated into a semiconducting SWCNT.

6

 6 Calculated Raman spectra of empty SWCNT (black curve) and 4T@SWCNT (red curve) in the RBM range. (left) Metallic SWCNT. (right) Semiconducting SWCNT.

Figure 7

 7 Figure 7 displays the calculated ZZ-polarized Raman spectra within the G-band range (1560-1620 cm -1 ) of the empty SWCNT (black curves) with different chirality. For the (12,0) zigzag tube (chiral angle = 0 • ) and the (7,7) armchair (chiral angle = 30 • ) tubes, the spectra are featured by a single

Figure 8 (

 8 Figure 8(bottom)), indicate a possible charge transfer from the SWCNT to the 4T molecule.
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