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Abstract

:

We present a systematic review of nanostructured organic materials, including synthesis methods, functionalization, and applications. First, we report the chemical and physical procedures used for preparing the polymer/carbon nanotube composites described in the literature over the last decade. We compare the properties of different polymer-based prototypes of organic nanocomposites functionalized with carbon nanotubes. Theoretical and experimental vibrational investigations provide evidence of the molecular structure describing the interaction between both components, showing that the allowed amount of carbon nanotubes and their dispersion states differ across polymers. Moreover, the nature of the solvent used in the preparation has a significant impact on the dispersion process. The integration of these materials in photovoltaic applications is discussed, where the impact of nanoparticles is evidenced through the correlation between experimental analyses and theoretical approaches based on density functional theory. Alterations in optical properties, evaluated from the absorption and luminescence process, are coherent with the solar spectrum, and a good distribution of donor/acceptor interpenetration was observed. In all cases, it was demonstrated that the performance improvement is physically related to the charge transfer from the organic matrix to the nanoparticles.
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1. Introduction


Scientific communities are continuously exploring innovative properties of π-conjugated conducting polymers, used as active layers in various organic electronic devices [1,2,3,4]. Hence, diverse molecular engineering procedures have been reported, such as doping conjugated polymers with conductive elements to ameliorate their conductivities [5,6]. Compared to inorganic semiconductors, these materials offer good flexibility and easier processing, leading to easier modulation of electronic, optical, and mechanical properties [7,8,9,10,11,12,13]. Handicaps related to fragility and a lower operating lifetime can be overcome by adding a small amount of carbon nanotubes (CNTs) [14,15]. Recently, Subramanyam et al. demonstrated that the addition of CNTs helps achieve an increase in lifetime by 67% in an open atmosphere [16]. According to Francis et al., CNTs also improve charge transport and provide good thermal stability, allowing π-conjugated conducting polymers to be good candidates for electrical, thermal, sensing, and actuating applications [17]. If CNTs are well dispersed and the exciton diffusion length is sufficient, the configuration leads to charge and energy transfer in the organic matrix [18,19,20]. This transfer is a major parameter for good photovoltaic conversion. Hence, the separation process of electron–hole pairs should dominate if the diffusion length is sufficiently higher than the mean distances between nanoparticles. The resulting interpenetrating (bulk P–N hetero-nanojunctions) network results in a good overlap between the optical absorption (OA) spectral region and the solar spectrum [21]. Indeed, the decrease in the optical gap involves additional absorption features in the visible spectrum and leads to a higher charge separation and good collection efficiencies [22,23,24,25]. Hybrid materials, including inexpensive flexible polymers and their nanostructures, represent the next generation of photovoltaic solar cells [26]. Continuous progress in and improvement of fabrication methods is a major focus of research [27]. The aim is to ensure a uniform distribution and arrangement of nanoparticles in the polymer matrix. The performance of organic photovoltaic solar cells is comparable to that of monocrystalline silicon, where PCE reaches 24% [16].



CNTs exist in a bundled form in the solid state. The dispersion process requires mechanical or vibrational energy higher than van der Waals cohesive forces [28]. The direct mixing methods are based on mechanical agitation or vibrational forces using homogenizers with different velocities [29,30]. CNTs with better homogeneity and alignment can be achieved by applying to the nanocomposite an ultrasound wave and centrifugal forces of appropriate power for an appropriate amount of time [31,32]. Chemical or physical functionalization, through covalent or noncovalent bonding between CNTs and diverse active molecules, has also been reported [33,34]. For chemical functionalization of the CNT surface (Scheme 1a,b), the bonding can be via defect groups or by side wall bonding, as well as by other special reactive groups, such as lithium alkyl nitrenes and fluorine radicals [35,36,37]. These chemical modifications facilitate the grafting of other functional groups and give rise to covalent bonding with the polymers/molecules [38]. However, noncovalent functionalization can be hexahedral (Scheme 1c,d) or endohedral [39].



For a polymer moiety, the polymerization process can be carried out after chemical functionalization, where first the monomers are linked to the tube and then the polymerization takes place [40,41]. If the direct mixing of polymers or in situ polymerized fragments with CNTs results in noncovalent linking, the process is called physical functionalization (Scheme 2) [42,43,44,45,46].



The dispersion process of nanoparticles is often of short duration. These nanoparticles have the tendency to agglomerate on the surface. To separate aggregates, the obtained solution should be exposed to ultrasonic baths and centrifuge forces with controlled frequencies and power [47]. In this work, we present various methods used over the last two decades for nanocomposite elaboration for a specific class of polymeric materials and their impact on the amelioration of photovoltaic properties. The study is restricted to polymer materials containing nitrogen in the aliphatic or cyclic sequences, such as poly(N-vinyl-carbazole) (PVK), poly(3-hexylthiophene (P3HT), and polyaniline (PANI). We report the results of our investigations in the last decade of the different polymeric nanostructures based on a large variety of polymers. As indicated for nanostructured materials, photoexcitations are followed by the establishment of charge transfer. The electronic structure modification, including the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) levels, localized states, their energies, and the corresponding skin depth, should be evaluated in order to reduce injection barriers. Density functional theory (DFT) calculations are additional alternatives applied to a justified model structure to support experimental characterizations and physical interpretations [48,49,50,51,52,53]. Properties of organic materials that are experimentally inaccessible are in general described by DFT-based quantum calculations [50,53,54].




2. Organic Nanocomposite Synthesis and Characterization


2.1. CNT Treatment and Dispersion


CNTs (single-walled or multiwalled forms) need some treatment before functionalization with organic materials. Purification can be ensured either chemically, using a selective oxidation processor, or physically, based on filtration and/or centrifugation [55,56,57,58]. Metallic and semiconducting nanotubes can be separated by gradient-of-density ultracentrifugation techniques. The difference in their diameters is also exploited in the separation process [59,60]. Selective interaction with a conducting polymer is an alternative procedure that is efficient for separation in an acidic medium [61].



Good dispersion (homogeneous distribution) of CNTs in the polymer matrix is a major step that influences their properties [62]. CNTs largely exist in the bundled form due to strong van der Waals cohesive forces. It is difficult to achieve the isolated form, and the functionalization process leads to aggregate formation (Figure 1). Concerning the composite preparation, purified single-walled carbon nanotubes (SWCNTs) are dispersed in the same solvent with a polymer for an appropriate amount of time. The transitory dispersed phase of SWCNTs is immediately added in the desired amount to the polymer solution. Then, the sonication process and centrifuge forces are applied.




2.2. Materials and Methods


Composite solutions were deposited at room temperature with nearly uniform thickness on silica substrates for OA measurements. However, glass slides were used for FTIR and photoluminescence (PL) measurements. All substrates were already cleaned with deionized water and ethanol in an ultrasonic bath. All samples thus obtained were introduced into a Pyrex tube and heated under vacuum at a moderate temperature based on the thermal stability of the resulting material. Infrared absorption measurements were recorded with a resolution of 2 cm−1. The OA spectra were recorded in the absorption mode with the wavelength varying from 200 to 2000 nm. For the PL experiment, depending on the material emission spectral range, different excitation wavelengths were used (280, 325, and 540 nm). Ultrafast time-resolved PL measurements were carried out with the regenerative amplified femtosecond laser system. The time-resolved emission spectra were spatiotemporally detected with a high-dynamic-range Hamamatsu C7700 streak camera with a temporal resolution <20 ps. The PL intensity and decay times were simulated with two coupled exponential decays. The TEM images were observed after adding liquid nitrogen to the Cu grid and then were taken at temperatures varying from 100 to 104 K. Theoretical data were procured from quantum calculations based on density functional theory (DFT). The modeling structure was fully optimized using the most popular Becke’s three-parameter hybrid functional, B3 [63], with the basis set 6-31G(d). Calculations applying to the proposed modeling structures were carried out with nonlocal correlation of Lee–Yang–Parr (LYP), abbreviated as the B3LYP method. Theoretical OA spectra were calculated using the time-dependent density functional theory (TD-DFT) method with the 6-31G(d) basis.




2.3. Alignment and Orientation of CNTs


CNT orientation can be accomplished in solution during or after the polymer synthesis process. Chemical vapor deposition synthesis of SWCNTs results in a massive growth of superdense and vertically aligned nanotubes with enhanced catalytic activity of catalysts (Figure 2) [64]. CNTs can also be aligned under a magnetic or an electric field during the growth step, but some dynamic structural changes can occur due to the complexity of the process [65,66,67,68].



After CNT dispersion, the application of external electrical or magnetic perturbations allows the orientation of CNTs in the preferred direction [70,71,72,73,74,75]. This network formation results in three steps: the orientation of nanotubes, interaction, and network establishment (Scheme 3). Due to dipolar interaction, the aligned CNT configuration leads to tail-to-tail or head-to-head connections.



In both cases, the oriented CNTs permit the reinforcing of optical and electronic transport properties in the preferred direction. This process helps enhance the performances of the electronic and optical devices. Moreover, annealing at moderate temperatures leads to a good repartition of CNTs into the organic polymeric matrix, which results in higher photovoltaic performances [77,78,79].





3. Applications of Organic Nanocomposites for Photovoltaic Cells


Organic solar cells represent new alternatives to those based on inorganic semiconductors [16]. Organic materials are characterized by flexibility, lightness, low cost, and easy processing. However, their intrinsic charge carrier mobility is lower (at max 10−1 cm2 V−1 s−1) compared to that of their homolog inorganic semiconductors, where it can reach 900 cm2 V−1 s−1 for a single silicon crystal. Otherwise, handicaps related to lower mobility and fragility can be partially resolved when adding CNTs or phenyl C61 butyric acid methyl ester (PCBM) because carbon structures exhibit better mobility and rigidity than silicon [80]. Therefore, adding a small quantity of CNTs (single-walled or multiwalled forms) may improve the mechanical properties and lead to a good compatibility with the solar spectrum (UV–visible range). If, additionally, there is coherence between diffusion length (~20 nm) and the distances between CNTs, the separation process of electron–hole pairs will be improved. In fact, when adding CNTs, the entire network will be regular nano-P–N junctions, which represent photogeneration sites in all points. The charges transferred from the organic matrix to CNTs may be simultaneously collected and carried by CNTs. In the literature, the open-circuit current for some elaborate photovoltaic devices is in the range of a few tens of milliamperes per square centimeter [81,82,83,84]. This nanometric configuration is different from the conventional inorganic P–N photovoltaic cell. Indeed, for an inorganic device, a single junction separates the P and N regions, while in the nanometric interpenetrating network, junctions are distributed in the entire bulk, giving rise to more photoexcitations, leading to higher efficiency.



For organic photovoltaic conversion, efficiency started with values lower than 1%. However, the conversion efficiency was considerably improved beginning from the year 2000, reaching 2.5% and then 3.6% when PCBM was inserted in the organic matrix [85,86]. The relatively high conversion efficiency is obtained with a double heterostructure of fullerene (C60) and copper phthalocyanine [87]. In 2011, a new record of 5% was attained using hybrid CNT/polymer materials and then ameliorated to reach 12% [10]. Compared to a silicon monocrystal, the power conversion efficiency (PCE) remains lower, but the easy processing and low cost make the material attractive [10]. The actual records were achieved by Cui et al. in 2020 and Subramanyam et al. in 2021, reaching, respectively, 17% and 24%, comparable to the PCE of porous and crystalline silicon [16,88].




4. Nanocomposites of Oligo-N-vinyl-carbazole/Single- and Multiwalled CNTs


Infrared, Raman, OA, and PL spectroscopies were used to describe the interaction between OVK and SWCNTs in polar and apolar solvents. The effect of the solvents’ polarities on the dispersion process, i.e., repartition of SWCNTs on the organic matrix and its relationship with optical and vibrational properties, is reported. The observed changes in characteristics and their interpretations are discussed according to the literature [89,90,91,92]. Experimental results are correlated to those theoretically obtained from DFT; the functional and the method are described elsewhere [63,93,94,95].



4.1. Vibrational Properties


OVK/SWCNT composites were prepared at various concentrations in different solvents, such as chloroform and chlorobenzene, and were annealed to ameliorate the dispersion process [21,96]. FTIR spectra depicted in Figure 3 reveal that the most relevant vibrational modes of native OVK and SWCNTs are found in the composite spectrum. Moreover, in both cases, adding SWCNTs leads to some significant changes. Some bands with a relatively higher intensity ascribed to OVK vinyl groups disappear, which is strictly related to the linking between SWCNTs and OVK. This grafting is spontaneously established in the case of chloroform. However, when dispersing in chlorobenzene, certain spectra can be recorded after annealing treatment at 393 K (as in the case of nanocomposite dispersed in chloroform). Indeed, a better modification of the spectrum is clearly seen after annealing, and both spectra (a) and (c) present higher similarity. In both cases, the spectra reveal the appearance of a new feature at 1297 cm−1 that indicates the covalent interaction between organic OVK matrix and CNTs, as described for electrosynthesized PVK/SWCNTs [97].



Raman analyses (Figure 3(2)) reveal the presence of SWCNT bands, but those of OVK are severely attenuated. Radial and tangential modes depend on the used solvents and thermal treatment, which reflect the dispersion state of CNTs in the organic matrix (decrease in the band attributed to the bundled form at 181 cm−1).



Both radial mode bands at 161 and 181 cm−1 are associated, respectively, with isolated and bundled SWCNTs [98,99]. The mean diameter of the tube can be evaluated from the empirical relation and varies from 1.34 to 1.38 nm [96,100]. The shift in radial mode toward higher wavenumbers has been interpreted as a consequence of inserting organic molecules into bundled SWCNTs. The disappearance of radial mode (bundled CNTs) in the case of the chlorobenzene solvent leads to the conclusion that the polar solvent leads to more dispersed nanotubes. The change from 2D to 3D symmetry is illustrated by the tangential mode narrowing and the decrease in intensity for the mode at 1571 cm−1 [101]. The spectrum of annealed states reveals shifting and band intensity modifications, promoting a better functionalization process.




4.2. Changes in Optical Properties


The most relevant information on the excitation and de-excitation process can be described by the complementarity of OA and PL measurements (Figure 4).



Absorption spectra are affected by adding SWCNTs. For both solvents (chloroform and chlorobenzene), we see a redshift and a new band apparition, implying an interaction between both components. When chloroform is the solvent, in the spectral region of 400 to 2000 nm, there is a gradual decrease in the absorbance, similar to the case of other polymers when functionalized with SWCNTs [21,102]. Bands that appear in this spectral region (λ > 400 nm) correspond to the optical transitions for semiconducting SWCNTs. In chlorobenzene, the hypsochromic shift of the blue-side transition implies a decrease in the oligomer chain length and/or a decrease in the interchain interaction due to the good dispersion of SWCNTs in the organic matrix [81].



Chlorobenzene as a solvent quenches PL intensity after SWCNT insertion more efficiently (Figure 4(2)). This result is in good agreement with Raman results supporting good SWCNT dispersion. Indeed, photoexcitations are followed by a separation process rather than a recombination, because of which the observed PL is quenched [89,103,104]. We think that the photoexcitation produced in the OVK matrix can reach SWCNTs where the dissociation process is more preponderant rather than the recombination process. After annealing, the quenching effect becomes more pronounced and a new feature emission is created at around 499 nm (2.48 eV) when chloroform is the solvent (Figure 5(1)). As at a lower temperature (T = 87 K) and for both annealed samples (with and without SWCNTs), this weak emission band appears only in the case of the composite. It is, therefore, the consequence of the insertion of SWCNTs (Figure 5(2)).




4.3. Interaction between SWCNTs and an Organic Matrix


The correlation of experimental and theoretical results evidences the covalent functionalization process between SWCNTs and oligo-N-vinyl carbazole [21]. The process does not require any thermal treatment when the dispersion is in chloroform as the solvent. The most affected chemical environments are vinylidene groups because, we assume, grafting occurs between these groups and the side wall (Scheme 4), similar to the case of PVK/MWCNT and for PVK/C60 composites [98,101]. However, after annealing, the similarity of both spectra supports the same grafting process.



The proposed grafting mechanism, confirmed in our previous work, is consolidated by theoretical vibrational frequencies obtained either for OVK or for OVK/SWCNT composites [21]. First, experimental results are reproduced to confirm the modeling structures of primary materials. Then, the most probable grafting sites with higher reactivity are supported by force constant calculations in both neutral and oxidized states. In the resulting model structure of the nanocomposite, therefore, OVK is grafted on the side walls via vinylidene groups (Figure 6(1)).



Based on the above modeling structure, DFT has also been calculated with the B3LYP/3-21G* method to carry out changes in the electronic structure. All the theoretical changes are depicted in Figure 6(2), which are in good accordance with experimental absorption transitions.




4.4. Structural Properties in Relationship with Transient Photoluminescence


Transmission electron microscope analyses were carried out to have an idea about the SWCNT distribution and arrangement (Figure 7) [18].



When chloroform is the solvent, bundled and isolated SWCNTs are detected, but with a lower concentration for the isolated form, supporting a good SWCNT dispersion process. Figure 7c shows a good uniformity and orientation of SWCNTs having an interdistance of nearly 10 nm, probably due to the thermal treatment. In chlorobenzene (Figure 7d), this distance varies from 3 to 20 nm and the structure contains bundled SWCNTs connected by individual ones. In fact, these structural differences can influence the dynamical properties of the excited states.



Results of PL decay (obtained by pumping at 330 and probing at 390 nm) show a decrease in lifetimes and imply exciton diffusion to the SWCNTs [18,105,106] (Table 1).



The existence of two populations weighing P1 and P2, having lifetimes of τ1 and τ2, and having a mean lifetime τm has been interpreted to be because of shorter and longer segments, respectively. A similar decay evolution was reported in the case of other polymers functionalized with various nanoparticles [107,108], supporting a charge transfer between the organic matrix and SWCNTs [105,109]. Lifetimes evaluated from Figure 8(1) are shorter than those of PVK, which is coherent with the fact that faster decay is a signature of shorter segments [110,111]. The photoexcitations that occur in the organic matrix will diffuse and be transferred into the SWCNTs, and the electron–hole pairs will be separated due to the internal electric field created by hetero-nanojunctions [81,83]. The obtained decay times are coherent with PL cartography (Figure 8(2)), in which we show a more intense luminescence when chlorobenzene is the solvent. Indeed, a faster lifetime results in the condensation of excitations in the radiative pathways.





5. Properties of PVK-3HT/SWCNT Nanocomposites


To reach a better dispersion process with a higher CNT concentration and to obtain good optical properties, another matrix containing PVK was synthetized [29,112]. Hexylthiophene, known by a large optical spectrum, was bridged with PVK, where the resulting matrix is called PVK-3HT. PVK-3HT/SWCNT nanocomposites were studied by FTIR and Raman spectroscopy, where the SWCNT weight concentration varied from 0% to 60%. It was shown that in all cases, SWCNTs are bundled and isolated. However, the D-band and the G-band, situated at 1250 and 1595 cm−1, respectively, are nearly the same in all cases, similarly to the case of purified nanotubes.



5.1. Vibrational Study


On adding SWCNTs to PVK-3HT, there is no apparent change in the band positions and shapes of both compounds. However, the band intensities change and the appearance of new vibrational features at 1049 and 1384 cm−1 (Figure 9(2)) lead to the conclusion that there is an interaction between both components.




5.2. Optical Properties Changes


UV–visible absorption analyses (Figure 10(1)) demonstrate that PVK-HT absorbs in the large spectral domain. The absorbance shape observed in the spectral domain ranging from 240 to 300 nm is the signature of the grafting of bicarbazole units as a part of the resulting copolymer [113]. The extension of the absorbance in the visible range indicates extended conjugated fragments of P3HT in the obtained copolymer [113,114]. On adding SWCNTs, no apparent change is observed for λ < 400. However, the band near 430 nm decreases and blue-shifts, which agrees well with the hypothesis of the diminution of interchain interaction and/or the decrease in the π-conjugation length [115].



The continuous PL quenching (Figure 10(2)) shows that the addition of CNTs has a direct impact on the excited-state dynamics of the prepared composite (exciting at 400 nm using a seep range of 1 ns) [111]. As in the case of the OVK/SWCNT composite, we think that the exciton diffusion length becomes progressively higher than the distance between neighboring nanotubes. In this case, the separation process is the most dominant behavior that can occur.



These results are in full accordance with the progressive decrease in emitted energy intensity as a function of time from 0 to 1 ns obtained in 3D maps (Figure 11).



Time-resolved PL spectra are presented in Figure 12. A progressively faster decay time is obtained when increasing the SWCNT weight concentration, as in the case of the PPV/SWCNT composite [111]. This behavior confirms that SWCNTs play a role in charge separation after exciton diffusion. Indeed, a shorter lifetime is an indicator of the decrease in the distance traveled by the exciton. The increase in the SWCNT concentration will, therefore, progressively reduce these distances. If these distances become lower than the intrinsic diffusion length, charge transfer from the organic matrix to CNTs can occur. This transfer leads to a separation of electron–hole pairs rather than their recombination, because of which there is a progressive quenching of stationary PL.





6. PANI/SWCNT Nanocomposites


Following the same procedure, PANI, known by a number of oxidation degrees, is also functionalized with CNTs. The starting material, the emeraldine base (PANIEB purity 99.99%; macromolecular mass Mn > 15,000), is first doped with sulfonic acid and then functionalized with SWCNTs in the dimethylformamide (DMF) solvent [116]. The sulfonic acid doping procedure used in this case is described by MacDiarmid et al. [117].



6.1. Vibrational Study


The normalized FTIR spectra of Figure 13(1), when referring to the already published vibrational studies, reveal that concentrations lower than 2.10% cannot significantly induce apparent changes [118,119]. Starting from 2.1%, the linking of both components is evidenced by the appearance of new features at 1064, 1255, 1409, and 1438 cm−1. Then, the apparent shift of both modes at 1124 and 619 cm−1, the disappearance of the band at 1022 cm−1, and the enhancement of bands in the range of 1350–1700 cm−1 reflect the new molecular arrangement induced by covalent bonding [120,121].



The weak band located at 1022 cm−1 ascribed to the C–H deformation disappears, and a new band appears at 1062 cm−1. The bands situated in the range from 1350 to 1700 cm−1 show a better intensity increase, supporting the increase in aromaticity in the resulting compound. Two other new bands appear, one at 1409 cm−1 and one at 1438 cm−1, and confirm covalent binding between both components via a C–N link [121].



A theoretical calculation including bond length, atomic charge, and spin density lead to the conclusion that nitrogen atoms are the most probable grafting sites, as in the case of similar woks [19,119]. In Figure 13(2), we illustrate the model structure that has been used for DFT calculation. Noncovalent bonding can also be present as a consequence of the strong van der Walls forces that inhibit the homogeneous dispersion process [122,123].




6.2. Optical Property Changes


The modeling structure proposed above has been supported by theoretical calculation of OA spectra (Figure 14). The same transitions are found either experimentally or theoretically, for which it is noted that there is a diminution of band gap after either doping or adding SWCNTs. The energy gap of PANI in its neutral state is 3.75 eV; it decreases when doped and reaches 2.63 eV. A new band appears at −535 nm on adding SWCNTs, and the gap is 1.7 eV. This new band corresponds to the charge transfer where electron–hole pairs appear in the organic matrix, and then it is transferred to the SWCNTs by the diffusion process, leading to enhanced photovoltaic performances [18,96,124].




6.3. Electronic Study


The study on SWCNT concentration leads to the conclusion that localized states are created in the band gap with the energy of 1.62 eV and with the band width of almost 80 meV (Urbach energy) [121]. This donor–acceptor charge transfer is more elucidated by contour plots of molecular orbitals (MOs), shown in Figure 15(1) [125]. HOMO and LUMO state densities are, respectively, localized on donor and acceptor moieties [126].



The ability of the resulting material to improve photovoltaic conversion is checked from its electronic structure (Figure 15(2)). Indeed, HOMO–LUMO energy levels are calculated from the optimization of model structures of pristine and doped states for different chain lengths [127].



The HOMO–LUMO energy levels for an infinite chain length can, therefore, be evidenced following Aleman et al. [127], where the theoretical energy gaps are 3.58 and 2.31 eV, respectively, for neutral and doped states. Other parameters can be evaluated, such as the PCE and the open-circuit voltage (VOC). From the individual theoretical electronic structures (donor and acceptor), PCE can be evaluated using the Scharber diagram. Otherwise, the VOC can be calculated according to Equation (1) based on the HOMO and LUMO energy levels of, respectively, donor and acceptor materials [128,129,130,131]:


   V  OC    ( V )  =  1 e   |  E    (  HOMO  )    donor    (  eV  )   |  −  |  E    (  LUMO  )    acceptor    (  eV  )   |  − 0.3    ( V )   



(1)







The choice of metal electrode is strictly based on the values of HOMO and LUMO energy levels for doped PANI and CNTs. It is found that Al and ITO are the most appropriate for the device architecture (Figure 16(1)). Using Equation (1), the Voc is estimated at nearly 1.25 V, and using the Scharber diagram, PCE is estimated at 4–5% (Figure 16(2)). This is in good accordance with our previous PL results showing both the quenching effect and the total absence of luminescence in the visible region [116].




6.4. Effect of Annealing Treatment on the PANI–SWCNT Composite


Vibrational and optical behaviors of the hybrid material after annealing were analyzed in a previous study [132]. Interpretation of changes in FTIR spectra has shown the grafting and self-cross-linking of PANI moieties [133,134]. More details of the molecular structure are evidenced by the splitting of the band at 1126 cm−1 after annealing (Figure 17(1)). These chemical environments could not be the consequence of CNT insertion (the same line shape appears with and without CNTs). These additional bands are typically coherent with self-cross-linking (Figure 17(2)), such as benzene ring para- and ortho-link, to nitrogen atoms [132].



After annealing at 393 K, new absorption bands are created at λmax = 570 nm and at λmax = 792 nm, respectively, for doped and functionalized states [132]. These new optical features support the presence of a quinoidal ring and agree well with the self-cross-linking process [135,136]. The direct and indirect band gaps are evaluated from absorbance coefficient data using the Tauc method [137,138]. The direct and indirect energy gaps (Eg) are calculated from the linear dependence of the plot of (αhν)1/n versus energy (Figure 18) [139,140,141].



As previously reported, both direct and indirect transition processes dominate optical transitions since direct and indirect energy gaps are nearly similar and the variation (  Δ E = (  E  Dir   −  E  Ind   ) /  E  Ind   )   is in the range from 4% to 8% [138]. The value of the transition probability index n has been also calculated to evaluate the weight of optical transition mode (values vary from 0.82 to 1.24).



The skin depth variation as a function of incident photon energy is one of the most relevant parameters reflecting the importance of adding CNTs (Figure 19).



When SWCNTs are added, the skin depth decreases; it decreases further after annealing, indicating the reduction in the transparency volume. This result demonstrates that the addition of CNTs leads to a better interfacial strength, as proved in a previous thermal study [142]. At a higher photon energy, the two picks of skin depth are the signature of plasma frequency, resulting from overlapping between the frequency of electron oscillation and the incident electromagnetic radiation (the wave is stagnant).



The variation in the extinction coefficient versus energy is another indicator of the change in optical properties after the addition of CNTs in both annealed and not-annealed states (Figure 20).



On the red side of the spectra, annealing improves the extinction coefficient. For the doped state of PANI, thermal treatment leads to a change in the oxidation degree and localized states can overlap with the LUMO level. The extinction coefficient may be improved as a consequence of the new energetic configuration. For the nanocomposite, a net amelioration in the spectral range from 600 to 850 nm is observed after annealing. Indeed, good SWCNT dispersion leads to a covalent bonding, as previously reported [46]. If the overlapping between diffusion length and nanoparticles repartition is satisfied, charge transfer from the doped matrix to CNTs can be established. From Tauc formalism, the calculation of band width of the corresponding localized states (EU) demonstrates the decrease in the latter when annealing, probably due to the already discussed self-cross-linking effects [133,134,143]. Figure 21 represents all changes in the electronic structure after annealing and adding CNTs.



For the nanocomposite, the EU (localized state band width) is nearly 85 meV and 390 eV for not-annealed and annealed states, respectively, involving a charge transfer from the organic matrix (self-cross-linked) to CNTs, as previously reported [21]. The large value after annealing is the consequence of well-dispersed nanoparticles, involving good compatibility between the diffusion length and CNT repartition. A microscopic study mentions that bundled CNTs before annealing became relatively dispersed and homogeneously distributed, with the repartition size varying from 3 to 8 nm [132]. At the molecular scale, annealing leads to partially dispersed and oriented SWCNTs in cross-linked PANI. Electron–hole pairs, which constitute the exciton pairs, are born in the PANI matrix and then migrate by diffusion [20,144]. From the Scharber diagram, the resulting electronic structure presents a band gap suitable for a relatively higher conversion efficiency and is qualified by good compatibility with the solar spectrum [145].





7. Conclusions


A study of the structural, optical, and electronic properties of diverse polymers containing nitrogen atoms was performed. Some parameters are fundamental to achieving better dispersion of CNTs in the organic matrix, namely the choice of the solvent and thermal treatment. Short oligo-N-vinylcarbazole can be spontaneously functionalized with SWCNTs when chloroform is the medium. However, moderate thermal treatment is needed when chlorobenzene is the medium. Though the complete isolation of SWNTs can be achieved, chlorobenzene is more efficient in the SWCNT dispersion process. Correlation of experimental and theoretical study (DFT) in both cases demonstrates that there is a grafting of vinylidene groups to the nanotube side wall. For PVK-P3HT, a good dispersion state is obtained even at a higher SWCNT concentration, reaching 60% of CNTs, and the grafting is limited to the hexylthiophene sequences. The conservation of the hexylthiophene molecular structure leads to excellent properties for photovoltaic conversion, such as compatibility with the solar spectrum and the effectiveness of the dynamics of the excited states.



PANI itself is an insulating material, because of which its functionalization with CNTs was preceded by acid doping. Without thermal treatment, PANI is linked to SWCNTs via nitrogen atoms, leading to some structural and optical changes. A decrease in the optical gap of 2.28 eV gives rise to good compatibility with the solar spectrum. Moreover, donor–acceptor charge transfer creates a localized state within the band gap, with an onset energy of 1.62 eV. The modeling of a prototype bulk hetero-nanojunction photovoltaic device gives a typical open-circuit voltage of 1.25 V and a PCE of 4~5%. Annealing induces the self-cross-linking of PANI in its doped state and the dispersion of CNTs in the organic matrix. Otherwise, thermal treatment influences the electronic structure, leading to a band gap of 2.20 eV and localized states having a bandwidth of 390 meV. Moreover, it was found that skin depth and extinction coefficient variations are closely related to a molecular arrangement induced by annealing, namely self-cross-linking. As a consequence of the number of oxidation degrees of PANI, the corresponding interpenetrating network (doped PANI/CNTs) exhibits excellent compatibility with the solar spectrum and shows good coherence with the diffusion length, making it a good candidate for the active layer in organic photovoltaic devices.



As a consequence of the above-mentioned structural changes, adding CNTs to the polymer matrix leads to a broader absorption spectrum, PL quenching, and a shorter excited lifetime. In fact, these optical criteria are coherent with charge transfer from the organic matrix to the CNTs due to the interpenetrating P–N nanojunctions.
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Scheme 1. Interaction between CNTs and functional molecules covalently (a,b) and noncovalently (c,d) [39]. 
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Scheme 2. Interaction between polypyrrole and multiwalled CNTs. 
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Figure 1. Structure of the bundled CNT (a); a zoom-in photo of the aggregates (b). 
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Figure 2. TEM pictures illustrating CNT orientation observed in (a) the lateral direction and (b) the longitudinal direction [69]. 
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Scheme 3. Network formation: (a) orientation, (b) interaction between oriented CNTs, and (c) the resultant network [76]. 
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Figure 3. (1) Infrared spectra of the OVK/SWCNT composite dispersed in a chloroform solvent (a) and a chlorobenzene solvent (b) not annealed and (c) annealed at 333 K. (2) Raman radial and tangential modes: (a) SWCNTs; OVK/SWCNT in chloroform in the not-annealed (b) and annealed (c) states; OVK/SWCNT in chlorobenzene in the not-annealed (d) and annealed (e) states. 
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Figure 4. Changes in OA (1) and PL (2) spectra. Before SWCNT addition (a) and after SWCNT addition in chloroform (b) and in chlorobenzene (c). 
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Figure 5. (1) Stationary PL spectra of (a) OVK and of nanocomposite in chloroform (b) not annealed and (c) annealed at 333 K and in chlorobenzene (d) not annealed and (e) annealed at 333 K. (2) PL spectra at T = 87 K of both annealed samples (a) OVK and with the OVK/SWCNT composite (b). 






Figure 5. (1) Stationary PL spectra of (a) OVK and of nanocomposite in chloroform (b) not annealed and (c) annealed at 333 K and in chlorobenzene (d) not annealed and (e) annealed at 333 K. (2) PL spectra at T = 87 K of both annealed samples (a) OVK and with the OVK/SWCNT composite (b).



[image: Polymers 14 01093 g005]







[image: Polymers 14 01093 sch004 550] 





Scheme 4. Grafting mechanism of OVK and CNTs. 
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Figure 6. (1) Nanocomposite modeling structure used for DFT calculation and (2) change in the electronic structure from OVK (a) to the nanocomposite (b). H: HOMO; L: LUMO; Exp: experimental. 
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Figure 7. TEM pictures of OVK/SWCNT composites dispersed in chloroform (a,b) and in chlorobenzene (c,d) [18]. 
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Figure 8. (1) PL decay OVK (a), OVK/SWCNTs in chloroform (b), and OVK/SWCNTs in chlorobenzene (c) (―: experimental; (….): theoretical). (2) PL cartography of OVK/SWCNTs in chloroform (a) and in chlorobenzene (b). 






Figure 8. (1) PL decay OVK (a), OVK/SWCNTs in chloroform (b), and OVK/SWCNTs in chlorobenzene (c) (―: experimental; (….): theoretical). (2) PL cartography of OVK/SWCNTs in chloroform (a) and in chlorobenzene (b).



[image: Polymers 14 01093 g008]







[image: Polymers 14 01093 g009 550] 





Figure 9. (1) Raman spectra of PVK-HT/SWCNTs at different CNT weight concentrations (0%, 3.75%, 7.5%, 15%, 30%, and 60%). (2) FTIR spectra of PVK-HT (a), SWCNTs (b), and PVK-HT/SWCNT composite (60%) (c). 
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Figure 10. (1) OA and (2) PL spectra in chloroform solvent of pristine PVK-HeT (a) and those of PVK-HeT/SWCNT composites at various SWCNT weight concentrations: (b) 1.87%, (c) 3.75%, (d) 7.5%, (e) 15%, (f) 30%, and (g) 60%. 
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Figure 11. Contour plot of transient PL for PVK-HTs functionalized with different SWCNT concentrations: (a) 0%, (b) 1.87%, (c) 7.5%, (d) 15%, (e) 30%, and (f) 60%. 
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Figure 12. Time-resolved PL decays of PVK-HTs functionalized with SWCNTs at different concentrations: (a) 0%, (b) x = 1.87%, (c) 3.75%, (d) 7.5%, (e) 15%, (f) 30%, and (g) 60%. 
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Figure 13. (1) FTIR spectra of PANI/SWCNT nanocomposites with various SWCNT concentrations: (a) 0%, (b) 0.71%, (c) 1.16%, (d) 2.10%, and (e) 5.00%. (2) Model structure of the nanocomposite used for DFT calculation [19]. 






Figure 13. (1) FTIR spectra of PANI/SWCNT nanocomposites with various SWCNT concentrations: (a) 0%, (b) 0.71%, (c) 1.16%, (d) 2.10%, and (e) 5.00%. (2) Model structure of the nanocomposite used for DFT calculation [19].



[image: Polymers 14 01093 g013]







[image: Polymers 14 01093 g014 550] 





Figure 14. OA spectra of PANI in various states: (1) experimental and (2) theoretical; (a) neutral, (b) doped, and (c) the nanocomposite. 






Figure 14. OA spectra of PANI in various states: (1) experimental and (2) theoretical; (a) neutral, (b) doped, and (c) the nanocomposite.



[image: Polymers 14 01093 g014]







[image: Polymers 14 01093 g015 550] 





Figure 15. (1) HOMO and LUMO orbitals: doped PANI (a) and nanocomposite (b). (2) Effect of chain length on the HOMO–LUMO energy levels of PANI in pristine and doped states. 
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Figure 16. (1) Electrode choice for the photovoltaic device. (2) Estimation of PCE from the Scharber diagram [19]. 
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Figure 17. (1) Splitting of the FTIR band at 1126 cm−1 under annealing: pure PANI (a), annealed PANI (b), not-annealed composite (c), and annealed composite (d). (2) Structure of the nanocomposite obtained after annealing at 393 K. 
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Figure 18. Evaluation of direct (1) and indirect (2) band gap for doped PANI in the not-annealed (a) and annealed (b) states and those of the doped PANI/SWCNT composite in the not-annealed (c) and annealed (d) states. The inset of (a) shows the threshold energy of localized states created by doping. 
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Figure 19. Skin depths of doped PANI: not annealed (a) and annealed (b); skin depths of doped PANI functionalized with CNTs: not annealed (c) and annealed (d). 






Figure 19. Skin depths of doped PANI: not annealed (a) and annealed (b); skin depths of doped PANI functionalized with CNTs: not annealed (c) and annealed (d).



[image: Polymers 14 01093 g019]







[image: Polymers 14 01093 g020 550] 





Figure 20. Extinction coefficients of doped PANI: not annealed (a) and annealed (b). Extinction coefficients of doped PANI functionalized with CNTs: not annealed (c) and annealed (d). 
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Figure 21. Change in optical parameters under doping and annealing. 
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Table 1. Decay parameters of OVK/SWCNT nanocomposites [18].
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	Samples
	P1 (%)
	P2 (%)
	τ1 (ns)
	τ2 (ns)
	A1
	A2
	τm (ns)





	OVK
	18.8
	81.10
	0.983
	6.223
	8.911
	6.042
	5.23



	OVK/SWCNTs in chloroform
	32.73
	67.26
	0.753
	6.996
	15.575
	3.445
	4.95



	OVK/SWCNTs in chlorobenzene
	32.98
	67.01
	0.662
	3.848
	13.747
	4.804
	2.796
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
R RS e e
o lhie-t

%

B





media/file4.png
Acetonitrile + MeOH _ - / \ / \ -
F€C13






media/file52.png
Energy (eV)

3.75 eV

SWCNTs inserting

>\/\

A

E

1.62 eV
228 eV 208

- e o= o P

S Anneallng

meV

\Qnealing

o
D)
b ;
=; [
(a0
I >
iy 1
< W
— N

|
|
| |~

LUMO

oV

—L -HOMO

D-PANI/SWCNTs





media/file39.jpg
Borevy

®

Lassew

HHOMO  LiLuMO

LUMOP. LuMOA ey)

B
30728 2624 22 20 18 16 14 12 10
D
Eg (V)





media/file18.png





media/file21.jpg





media/file26.png
1629

1452

1174

V¥4

)

b

(

(a)

Q0URQIOSqY PAIRLJU] PIZI[BULION

1750

6/1

Wavenumber (cm-l)

991

161
T
6

1)

(

(n°e) Aysudyuy uvwRY

800 1000 1200 1400 1600

600

Wavenumber (cm'l)





media/file7.jpg





media/file28.png
Absorbance (a.u)

250

——(a) 0% 1) @) 57 —— (a) x=0%
—.—(b) 1.87% —— (b) x=1.87%
—.—(c) 3.75% 200 - e (c) x=3.75%
—e—(d) 7.5% s e (d) x=7.5%
—.—(e) 60% o e) o150
(D 30% -g 150 | : (e) x 15:;0
(9 15% & —— (f) x=30%

R -~ (g) x=60%

= 100 |

50 L
,,,,,,,,,, F - o i .
1 . 1 . 1 . 1 . 1 . 1 . 1 . 0 - : . | . | . -
250 300 350 400 450 500 S50 600 400 450 500 550 600 650 700 750

Wavelength (nm) Wavelength (nm)





media/file10.png





media/file49.jpg
Extinction coeffcient

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)





media/file45.png
(c:r.hv}: (a\-":. Ul'l'l':l.]l

(w.hv): [avz. Gm%

20x10°

| (a) 2.8x10° ()
| 2.4x10° |
Laxl0h el ) ot
s.ox1f ‘E - Localized state
1.0x10° b #md} hg 1.6x10° +
oot} g 1.2x10°
oo -é - 3
S0x10° b s 3 8.0x10°f
4.0x10° +
0.0 0.0 - - - -
10 15 2 25 30 i ) 1.0 15 20 25 3.0 33 40
Energy (V) (1) Energy (eV)
. L
2.8x10 {'E} i . {ﬂ}
) 45107 15x10° +
L9X B
20x10° “
: E 1.0x10°}
1.6x10 | H; Localized state
12x10° + g
~.
8.0x10° iy 2 50x10°F
40x10° | v _—fﬁal
0.0 - - 00 - - - -
10 1.5 20 25 30 1.0 15 2.0 25 3.0 35

Energy (V)

Energy (V)





media/file11.jpg
Normalized sbsorbance (au)

[——






media/file6.png





media/file36.png
800
(2)
? r—
H 5
: ]
= -
2 z (0
: 5
2 =
= 8
é T
E = (b)
T
5 :
z
(a) (a)
' | ' | ' | ' T | ' . i l i . I . | : i
200 300 400 500 600 700 800 200 300 400 500 600 700

Wavelength (nm)

Wavelength(nm)

800





media/file15.jpg
)|

o

Wascength () Waveleagth (sm)






nav.xhtml


  polymers-14-01093


  
    		
      polymers-14-01093
    


  




  





media/file2.png
§ iy Y

. L oy
ke WP
Bt BCELE O ST e

i b hgm by brd






media/file23.jpg
»

Zu @
i o
©

Duay )






media/file24.png
Wavelength{ nm )

Joa

350

Normalized P.L. Intensity (a.u)

400 450

Wavelength{ nm )

-
[E—

500

350

Deay time (ns)
350 [
1,B80E4 TIE0
1.550E4 ETZE
140084 340 g2
1,2TOE4 83
1.140E4 AT
1.010E4 4552
8800 330 4130
7500 08
§200 —_ 087
ZEES
4900 g 120 =
=l 1522
=1 1000
c
L 310
iy
=
z
200
2) ..
280 . . .

T |
400 450 500 550

Wavelength{ nm )





media/file29.jpg
0

a0 700 400 700 400
am) 0 5. (nm)o 5. (nm)

113 113 113
Time (ns) Time (ns) Time(ns)

4 400

400 700 00 700
Dﬁ(m) oim)
1138 1.13‘ 113

! Time (ns) Time (ns) Time (us)





media/file1.jpg





media/file12.png
Normalized absorbance (a.u)

1)
- S - I8
= e % &
N ;
' . © ~\
= E roy =
3 : L (b)
¥ I W P N
(a)
Iy
LE— T L T T T 7 A T T 1
400 600 800 1000 1200 1400 1600 1800 2800 3000

Wavenumber (cm'l)

Raman intensity (a.u)

;

2)

161

.~ 166

?
C

181

(©)

(d)

/
1595

1571 15972

— T T T T T T T T
140 150 160 170 180 190

7 ﬂ'f
1540

| A
1560 1580 1600

Wavenumber (cm_l)

|
1620






media/file9.jpg





media/file42.png
Normalized absorbance (a.u)

950

1000 1030 1100

1150

(2)

sPepelegeVony

M

SPe

Crosslinking

190 SASESA

Heating

[
‘{J{'ff






media/file47.jpg
12
8
4

(wd o) ydop unjg

hv (eV)





media/file38.png
LUMO Pani
(l) 2 - (2) -2.579 + 0.677/n an

LUMO Doped-Pani

-3 - -2.986 + 0.997/n
0]
4
ot n
J.f" d

b
ﬂ
:-lil-
t-
o i
l.-
'L-
Energy (eV)
n
|

-5.262 - 1.648/n

-6 -
d
{ } HOMO Doped Pani
24 71 -6.202 - 1.30 =0 Pan
. JJ ]
o 4 4 4 -
oS a . J!i."'
!‘ . 3 J ‘, '8 T T T T T T T T T T T T T
Y e 00 02 04 06 08 1.0 12

1/n





media/file17.jpg





media/file30.png
400 700 400
»(mm) O

1.13

Time(ns)

400 700

1.13 1.13

Time(ns) Time (ns) Time (ns)





media/file51.jpg
Energy (eV)

3.75eV

SWCNT:s inserting

TN

(O Annealing

\{nealing

>: 3 > LuMmo
e . : 3
= oy g
S =g El>
BB e s H
I sl 1> Tl
S o 2 L
1 [ B 03
[ o4 3 homo

D-PANI

D-PANI/SWCNTs





media/file35.jpg
@

©
)

[Er——

@

©
®

@

E)

[Ereer——

10






media/file48.png
(\o
-

[
@)
l
0-0-0-0-0-0-0—0—0—0—(
0PI

[
(\]
|

OO
OO0000
«(\(‘((“‘....

R
&

&

Skin depth (10™ cm)

IS
mllnDmn)l»7r)lmmr}Il!!lln!”"l”n’nnl'nl’rﬁﬁl
T T ! '

)
IMIIDIN]

>iprr g

20005 2 N0) M
ISRy 2)))
DMIMMMNIINL S

9)
0))%:
222353050






media/file27.jpg
Absorbance (a.u)

PLintemsity

¥

I
ol e
! i
ol
I
]
|
s
|
|

20 30 30 400 40 w0 ss0
‘Waveleagth (am)

w0

e
H
H
g
H
1/
H
2

Wavelength (nen)





media/file3.jpg
Acetonitile + MeOH
FeCly






media/file22.png





media/file19.jpg
L-@____ vicwmiea

EREREIE IR A





media/file40.png
Energy V)

«30 <

=35 4

-50 4

=55 -

| @

-4.7

L:-298 eV
Lag ey 072
D-Pani — v
i
R0 . ia o /

H:HOMO L:LUMO

LUM

0.3 ~
n.. T ‘ .l
@ off TV LY C\\
B ERRE "-,\ o
- . . >
< Oo6f 2 3 %\ % %
o : '1 ‘ .. 4. ’."Z/Pi
- ()7 2 r'}. . 0
f' e ! ) Y L TR
» o8k & R K| s
— . .. %
09 - e e
s N N e o
l.O : \ ...."4‘0‘ &
1.1 : LY
."n‘r*’n - ﬂj__f
12k1% ) O R
L3 o R 's o | [ | ..!l
30 28 26 24 22 20

Eg (eV)






media/file33.jpg
Normalized absorbance (a.)

100 1200 10 1600 1500

i

@





media/file32.png
P.L intensity

&
[

0.01

—m—(a): 0 %
—» —(b): 1.87 U
—a&—(c): 3.75 %
—v—(d): 7.5 %
—&—(e): 15 %
—4—(f): 30 %

1 (g): 60 %

0.0 0.2

0.4 0.6

Decay time (ns)

0.8

1.0






media/file14.png
Absorbance (a.u)

2

0y

T I
00 220

I T I
240 260

I T I T I
280 300 320
Wavelength (nm)

T I
360

I T
380 400

P.L. intensity (a.u)

8.0x10°

6.0x10"

4.0x10°

2.0x10°

0.0

I I I I | I I I I I

340 360 380 400 420 440 460 480 500 520 540
Wavelength (nm)






media/file41.jpg
@

CeprtogeVogy
aSao0o

Heating l

Crosslinking

Normalized absorbance (:

950 1000 105 1100 1150

Waveasmber (cm))





media/file37.jpg
S
e e






media/file46.png
, 12 1, 162
(o) “(evem )

: 112 . T
(ochv) ™ (ev.om )

014 |
(a)
012 | s .
flld ™| Localized state .
e ; =
010 | ; el
40x10" =
o.08 | :%-
e l'."lg —
Ixl0 ::“_ o
N L)
0.06 & 1 =
W | =
(e lx ] [ #
004 b 10 15 20 25 30 3.5 d o =
¢ |
0.02 - 3
0.00 R - -
1.0 1.5 20 25 3.0 35 4.0
Energy (V) (2)
0.03 f
() |
. o
0.02 ¢ Localized state .
5
3
=
0.01 e
)
0.00 L

Energy (eV)

1.6

0.3

0.4

1.6

0.3

04

(b)

- Localized state
L&
0 135 20 235 30 335 40
Energy (eV)
(d)
Localized state

I o
0 13 2 13 3.0





media/file16.png
PL intensity (a.u)

|
(d) 499

©
350 400 450 500 550

Wavelength (nm)

Normalized PL intensity

Wavelength (nm)






media/file20.png
Energy (eV)

AE =3.50=E __.|
. Bap E

4 -0.62(L+3)

-0.38 (L+1)
-0.94 (L+1)

-1.95 (L)

Vacuum level

-1.65 (L+3)

AE =375 ____

|—g

AE =476

AE =421
xF

234 (L+2)

-2.33 (L+1)
-3.36 (L)

AE =5.34
Exp

-5.14 (H)

-5.64 (H-3)

. -5-48 -]. A ———

-5.62 (H-2 ——————

(a)

AE =3.75

AE_ =421
xF

AE =476
xF

a—AE_ =5.23
Eap

=-5.83 (H)
-6.38 (H-1)

-6.86 (H-1)

(b)

= -7.60 (H-3)





media/file50.png
Extinction coeffcient

3.0x10™ 1
(b)

2.0x10™ -
1.0x10™ - (d)
(c)
(a)

0.0 -

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)





media/file5.jpg





media/file44.jpg
. v— .
9 é

3

s %

16

on

0

ol

omb Locizdsate

oo

(@ (even
.-
oy,

om

e






media/file31.jpg
P.L intensity

e

-
2

—=—(a):0%
(b): 1.87 %
—A—(0):3.75%
—v—(d):7.5%
—o—(e):15%
—4—($:30%
== {560 "{ﬁ

0.0 0.2 0.4 0.6 08 1.0

Decay time (ns)





media/file25.jpg
@ @ 3

[ o

o

Normalized Ifrsred Absorbance

o w0 120 se0 | 1750

Wavenumber (en”)

Wavenumber (em)






media/file0.png





media/file8.png





media/file43.jpg
(e @’y

(e an’y

20u0'

w
1ol
pe Lot e
10a0| <o
sout0 g &
D T35 a0 35w
Exery 1) [6)) By e¥)
a0 [
15| @
2000
20u0 Losuimg e -
)
160 ] e
1200 :
e 3 souo X
pren l/ 5
09 o
i T w2 % T 1]
Energy V)





media/file34.png
1600

1000

(mre) Ioueqlosqe pazZijeuLioN

1800

1400

1200

800

Wavenumber (cm'l)





