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Abstract: A simple mechanical dispersion method was used to elaborate new nanocomposite from
the combination of single walled carbon nanotubes (SWCNTs) and polyvinylcarbazole (PVK)
polymer. The obtained samples were annealed at the moderate temperature of 333 K to achieve good
dispersion and inhibit phase separation. Force constants calculations using Density Functional theory
were correlated with FTIR measurements to support the interaction between both components.
Raman scattering was used to check the dispersion state of SWCNTs on the PVK polymer. Optical
absorption analysis and stationary photoluminescence and time resolved photoluminescence technics
have been used to elucidate the change of optical properties after SWCNTSs adding. The formation of
bulk nano-hetero-junction resulting from the extended interfaces, leading to efficient dissociation of
the charge pairs was shown by quenching effects in polymer photoluminescence when increasing
SWCNTS contents. A noticeable decrease of the life time is observed by time resolved
photoluminescence, which reflects the shortness of diffusion pathways and consequently an
improvement of the electron transfer.
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1. Introduction

Currently, organic photovoltaic (OPV) structures represent the most promising low cost devices
considered as first concurrent to silicon solar cells technology. Indeed, the organic active materials
offer the ease processing, flexibility and low cost of production [1,2]. Thus, a great deal of effort was
devoted in the last two decades in both academic and industrial tasks in order to increase the power
conversion efficiency and scale-up of the production processes [3]. In fact, this research field was
motivated by the discovery of photo-induced electron transfer from the excited state of conjugated
polymers to nanoparticles such as Cgo or carbon nanotubes [4,5]. A noticeable power conversion
efficiency from a prototype of photovoltaic devices based on polymer/nanoparticles interpenetrating
networks were first demonstrated starting from 2008 [6]. Over three decades the functionalization
process often resulted in higher charge separation and good collection efficiencies due to the
formation of hetero-junctions at the nanometer scale where the power conversion efficiency has
reached some values similar to that of the porous silicon [7]. In fact, the charge mobility in such
carbon-based structures is better than in silicon (u, = pp = 100-110 cm? V' s™) [8]. Moreover,
carbon nanotubes as single- or multiwalled forms are characterized by a very high rigidity and
excellent chemical stability, which offer good thermal properties to the resulting nanocomposite.
Their distribution over the sample maximizes the interfaces, where photoexcitation can occurs and
accelerates their diffusion and dissociation. It is obvious, that the good repartition will reduce the
distance between the photogeneration and separation sites to be lower than the diffusion
length [9,10]. Furthermore, once the charge transfer is established, CNTs can provide the efficient to
the collecting electrodes. To achieve high performance, a higher weight concentration of
nanoparticles ([6,6]-phenyl-C61-butyric acid methyl ester PCBM or SWCNTS) is required in order
to create large number sites for exciton dissociation and an ideal percolation network for electron
transport. However, the insolubility of carbon nanotubes in the organic solvents is the major
handicap to limit a maximum concentration leading to better dispersion process [11].

Applications of carbon nanotubes in organic photovoltaic have been of much interest especially
in the form of single wall carbon nanotubes (SWCNTSs). The improvement was largely interpreted as
the result of charge separation at polymer-SWCNTSs interfaces and efficient electron transport
through nanotubes [12]. Besides, for the device operation, due to their higher thermal conductivity,
these nanotubes can be used also for outside thermal energy evacuation, which permits to avoid
device malfunction and gives it longer lifetime [13]. It is to note that the exciton dissociation process
can be further improved by uniform distribution of photo-generations sites over the bulk of organic
matrix. If such configuration is achieved by arranging the donor and acceptor zones as
interpenetrating network, we can exploit the whole active layer in the power conversion. Indeed, it is
limited only to the junction in the case of conventional semiconducting micrometric P-N junction. It
is important to note that solvent nature an important role in the quality of the resulting
nanocomposite and therefore on its power conversion efficiency. We use therefore in this work two
different halogenated solvents (chloroform and chlorobenzene) to prepare PVK/carbon nanotubes
blends. In fact, we try to investigate the impact of solvent polarity on the SWCNTSs dispersion
process by using solvents with different polarity indices, especially knowing the high VVander walls
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cohesive forces of these nanotubes. The obtained nanocomposites were studied by FTIR and Raman
spectroscopies in order to confirm the formation of nano-junctions and to evaluate the nature of the
dispersion states. Optical absorption analysis, Stationary and time resolved photoluminescence
technics where used to investigate change of PVK optical properties after CNTs adding. Structural
changes regarding the dispersion process influencing the charge separation process and excited states
life time variation were evidenced.

2.  Materials and methods

The PVK and SWCNTSs structures have been fully optimized in their ground states without

constraints using the B3LYP method (Becke three-parameter hybrid with non-local correlation of
Lee—Yang—Parr) [14,15]. In fact, this approach is extensively applied to organic polymers and it is
founded on DFT for uniform electron gas used with the 6-31G basis set [16,17]. For the PVK, which
exhibits an oligomer structure, calculations were limited to four units as model structure. For
SWCNTs, the model structure is a winding of two helices each graphene containing 14 units. It
should be noted that the nanotube length is not considered in these calculations. Indeed, to reflect
that you had to have a length of at least a hundred times larger than its radius; such a structure
requires a very high number of atoms and therefore a huge memory preserved in the calculation.
The polyvinylcarbazole (PVK) and single walled carbon nanotubes (SWCNTS) are purchased from
sigma—Aldrich. SWCNTSs with diameter in the range of 1.2-1.5 nm and lengths between 2 and 5 pm
were produced by electric arc technique [18,19]. Chloroform (Formula: CHCI; density at 300 K
1.49 g/cm® and boiling temperature of 334 K) and chlobenzene (formula: C¢HsCl, density at 300 K
1.11 g/cm® and boiling temperature of 405 K) were also purchased from sigma—Aldrich. The
composite preparation is based on the mixing procedure of dispersed SWCNTs with the PVK
polymer solution, as described in some reports [20]. The PVK is firstly dissolved in the solvent with
the concentration of 5.0 mg/cm®. Then, a solution of dispersed SWCNTSs with the concentration
of 0.3 mg/cm® is added with quantified volume in order to obtain the desired SWCNTs weight
concentration. This mixing process has been accomplished instantaneously after the dispersion in
order to exploit the SWCNTs dispersed state and ovoid the agglomeration process. The obtained
mixture was then sonicated for 30 min. Silicon single crystals were used as substrates for FTIR
analyses. For photoluminescence and Raman measurements, the prepared dispersions relative to
diverse amounts were deposited by spin coating into glass substrates at room temperature. All
substrates were successively cleaned with deionized water and ethanol using ultrasonically bath. The
nanocomposite thin layers acquired after solvent evaporation were heated in an oven under dynamic
secondary vacuum at 333 K for 1 h [21].

FTIR spectra were recorded on Bruker Vertex 70 interferometer with a resolution of 4 cm ™.
The Raman scattering analyses were carried out on a Fourier-Transform Raman spectrometer Bruker
RFS 100, with a spectral resolution of 2 cm™ and by using excitation laser wavelength of 1064 nm.
Photoluminescence (PL) measurements were recorded on a Jobin-Yvon Flouorolog spectrometer.
Time resolved PL spectra were recorded using regenerative amplified 78 femtosecond laser system,
which delivers 100 pulses at 1 kHz, 800 nm and 1 W. The optical absorption spectra are recorded
using UV1800 spectrophotometer working in the absorption mode with the wavelength varying
from 200 nm (6.2 eV) to 2,000 nm (0.62 eV).The samples were excited at 400 nm and the time-
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resolved emission spectra were spatio-temporally detected using a high dynamic range Hamamatsu
C7700 streak camera with temporal resolution <20 ps.

3. Results and discussion

In order to examine the eventual reactive sites in the carbon nanotubes and PVK backbone, the
force constants between the nearest neighboring carbon atoms have been calculated in both the
neutral and the oxidized states for the polymer and CNT optimized structures (Figure 1). The most
apparent change is related to the force constants Fg, F1o and Fy; in the case of PVK macromolecules
(Table 1). These forces act between adjacent aliphatic carbon atoms in the —CH-CH,— units.
However, in the case of CNTSs, the most significant changes are limited to the constant F;, F, and F3,
resulting from neighboring carbon atoms located on the tube sides. These changes are indicators of
the most probable reactive sites.
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Figure 1. Force constants between neighboring atoms for PVK and CNT moieties in the
PVK/CNT composite.

Table 1. Force constants expressed in millydyne/A for PVK and SWCNTSs at their
neutral and oxidized states.

F1 Fa Fs Fs Fs Fs F Fs Fo F1o Fu
PVK Neutral state 638 628 648 606 649 627 537 570 566 772 472
Oxidized state 557 6.44 640 616 640 642 524 589 714 658 7.38
SWCNTs Neutral state 5.28 5.60 534 550 5.59 528 - - - - -
Oxidized state 487 500 554 553 552 546 - - - - -

Therefore, if the functionalization between PVK and SWCNTs is governed by a grafting
process, the covalent bonding will be probably between C-C aliphatic sequences of PVK and carbon
constituting the tube end. This grafting process (Figure 2) can be tracked by FTIR analysis [22]. To
support the eventual grafting process between PVK and CNT moieties, the nanocomposites
elaborated either in chloroform or in chlorobenzene solvent were investigated using FTIR
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spectroscopy. In the case of the composite prepared in chloroform, the appearance of a novel band
at 1297 cm* in the FT-IR spectrum (Figure 3b—d) reveals the creation of a new C—C vibration that
traduces the covalent bonding between CNTs and PVK. Besides, several bands of relatively high
intensities, located at 418, 840, 1324, 1402, 1481, 1596, and 1624 cm * disappear in the composite
spectrum in comparison with the PVK spectrum. These bands mainly reflect the different vibrational
modes of the aliphatic —-CH-CH,— groups in the polymer. Moreover, the bands allied to the CH
deformation and rocking, which appear at 717 and 742 cm ™, were severely reduced. This results
permit to evidence that the grafting process between CNTs and PVK is done locally through these

groups, as suggested by force constants calculation.
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Fugure 2. The grafting mechanism between PVK and CNTSs.
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Figure 3. FTIR spectra of native PVK (a) and of PVK/CNT composites prepared using
chloroform (1.5%) (b) and using chlorobenzene at CNT weight fractions of 0.85% (c),
1.10% (d), 1.75% (e) and 3.50% (f) (all annealed at 333 K).
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In the case of composite prepared in chlorobenzene, the nanocomposite was elaborated at
different concentrations which were able to reach 3.5% in nanotubes. This indicates that this polar
solvent is adequate to obtain a good SWCNTSs dispersion process. At low concentrations (0.85
and 1.10%), the recoded spectrum is similar to that obtained when using chloroform as solvent. The
shape of the FTIR spectra was significantly modified in comparison with native PVK and new bands
appear (Figure 3c,d). The bands located at 1174, 1718 and 1763 cm * are the signatures of C—C
vibration relative to CNTs [23]. Other modes which appear approximately at 1133, and at 1297 cm*
are respectively assigned to the in plane deformation of CH, group and the stretching of new C-C
bond between the PVK and CNTs. Furthermore, the vibrational modes at frequencies of 418, 840,
1324, 1402, 1481, 1596 and 1624 cm* completely disappear, similarly to the case of chloroform
solvent. These bands are mainly assigned to —CH-CH,— units. It is believed that while the same
grafting process has established in the case of chloroform solvent, the chlorobenzene permits this
bonding only at low concentrations.

The CNTs dispersion on the organic material and the quality of the resulting composite were
checked by changes in the radial and tangential modes of CNTs observed in the Raman spectra [24].
The Figure 4 represents differences between the elaborated nanocomposites, which can be a direct
support to evidence the solvent nature effect on the dispersion of nanoparticles in polymer matrix.
Compared to the spectrum of native SWCNTSs, we notice a slight shift to lower wavenumbers for
both radial and tangential modes due to the charge transfer from PVK to the CNT [25]. When using
the chlorobenzene solvent, the mode at 181 cm ™, assigned to the bundled form of CNTSs, is severely
reduced. CNTs exhibit therefore uniform distribution in the PVK matrix with mean diameter of
d = 1.35 nm, as evaluated from the empiric relation v = 223.75/d at 166 cm™* [26]. The decrease in
the relative intensity of peak at 1571 cm® illustrates structural change from two- to three-
dimensional form in CNT network [27].
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Figure 4. Radial and tangential modes changes for SWCNTSs (a), PVK/SWCNTSs (1%)
elaborated in chloroform (b) and in chlorobenzene (c) (annealed at 300 K).
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However, for the higher CNT concentrations (3.5%) (Figure 5), the quantity of polymer chains
inserted between the individual tubes seems insufficient to allow the isolation of SWCNTs bundled
forms. For this concentration, the intensive SWCNTs cohesive forces overcome the potential
introduced by dispersion process.
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Figure 5. Tangential modes changes for SWCNTs (a) and the PVK/SWCNTSs
composites obtained in chlorobenzene at CNT weight fractions of 0.85% (b), 1.10% (c),
1.75% (d) and 3.50% (e) (annealed at 333 K).

The electronic interactions in excited state between PVK and nanotubes in the composite
structures were investigated by photoluminescence spectroscopy. In comparison with native PVK, a
slight redshift and a significant reduction in the emission intensity were observed for the
nanocomposites elaborated in the chloroform (Figure 6b). In fact, the quenching effect suggests an
energy transfer process from the photoluminescent polymer to the carbon nanotubes [28,29].
Otherwise, numerous recent studies showed the important improvement of the light harvesting
efficiency and the photovoltaic performance of the organic photoactive layers owing to the energy
transfer process [30], what makes such photoluminescent polymer/SWCNTs composites good
candidates for solar cell applications. For the nanocomposites prepared in chlorobenzene with CNT
weight concentration less than 1.75%, an exponential evolution of quenching effect with CNT ratio
was observed, which is attributed to formation of complex in the ground state and exciplex in the
excited state. For a CNT concentration of 1.75% the significant quenching of luminescence makes it
possible to suggest a more accentuated energy transfer [31]. Indeed, referring to the intensity
delivered by the native PVK, we can deduce that a high fraction exceeding 60% of the photo-excited
carriers recombine through non-radiative processes. In fact, if excitons are efficiently dissociated, the
direct excitons recombination will be limited and the photoluminescence will be quenched. This is
why carbon nanotubes are known to be efficiently exploited as electron acceptor in organic solar
cells [32,33].
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Figure 6. Photoluminescence spectra of PVK (a) and PVK/SWCNTs composites
elaborated in chloroform (1.5%) (b), and in chlorobenzene at CNT weight fractions of
0.85% (c), 1.10% (d), 1.75% (e) and 3.50% (f) (excitation wavelength: 280 nm).

The optical absorption spectra for optimal concentrations in the case of chloroform or
chlorobenzene are depicted in Figure 7. Both spectra are compared to that of original material (PVK).
As previously reported in the literature, the main absorption bands of PVK are shown at 232, 260,
294, 330 and 343 nm [34]. After adding SWCNTSs and for wavelengths longer than 360 nm, PVK is
transparent. Then, by referring to the PVK spectrum, the two bands at 232 and 343 nm sudden a
slight red shift to 237 and 352 nm respectively. This red shift can be attributed to the interaction
between SWNTs and PVK as it is reported in the case of multi-walled carbon nanotubes
(MWCNS) [35]. For wave length higher than 360 nm, the spectrum shows a large absorption band in
the visible and near infrared regions, similarly as the case of the same composite prepared PVK
functionalized carbon nanotubes [36]. Similar effect has been also demonstrated in the case of
SWNTs/polyaniline obtained by an electro-synthesis process [37]. It is to note that SWCNTSs alone
present three bands in this spectral region peaked at 720, 976 and 1823 from which the last band
(1823 nm) is the most intense and is attributed to the inter-band optical transition in the semi
conducting SWNTs. Therefore, adding SWCNTSs leads to broader absorption band giving a good
compatibility with the solar spectrum. Such behavior proves also that PVK is good functionalized at
lower SWCNTSs concentrations.
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Figure 7. Optical absorption spectra of PVK thin film (a), PVK/SWNTSs nanocomposites
obtained using chloroform at 1.5% (b) and using chlorobenzene at 1.75 w% (c).

The PL cartography of the elaborated nanocomposites demonstrates that there are two
contributions to luminescence process either the composite were prepared in chloroform or in
chlorobenzene (Figure 8). It is therefore assumed that the normalized PL intensity decay times are
very well simulated with two coupled exponential decays and by taking into account the contribution
of apparatus function given by the Gaussian temporal dependence G(t) (Eq 1) of the laser pulse [38].
Likewise, we assumed that photobleaching or biexciton collisions can be neglected in our
experiments.

— 1 _(t_to)
G@)-—G\ﬁzgexp( = J 6y

The total population of excited species is expressed as N = AjN; + A2Na, N and N, represent the
total populations of photogenerated charges in the energy states 1 and 2 (Egs 1-3). A; and A; are
proportional to the PL intensity from levels 1 and 2, respectively. t; and t, are their decay times,
where 31 = 1/11 and B2 = 1/1.

9%#9=Gm—ﬁwxo )

dN,(t

Bl N, ) -pN. 0 ©
In this simple model [39], the populations of levels 1 and 2 are coupled in order to account

indirectly for a migration process from the short to the long segments. Photogenerated charges

populating the higher energy level 1 migrate toward defects and fast relax on the lower energy state 2
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with lifetime t;. At a longer time, the photogenerated charges on level 2 are less mobile and
consequently survive longer with a slower time constant ..

In order to show the average trend of the photogenererated charge migration time, we define
below (Eq 4) an average decay time called Tayerage-

Z:An:i2

Taverage = W (4)

The PL decay of curves of the nanocomposites and of the PVK-SWCNTSs solutions were
depicted in Figure 9. Whereas, the inserting of SWCNTSs in the polymer matrix results in quenching
effects either for chloroform or chlorobenzene solvents, there are some differences on the dynamic
parameters of the excited states (Table 2). In both cases, whatever the state is there are two
populations with a specific life time and weight and an appropriate decay time. For the native
polymer, in the case of chloroform there are two contributions (with faster and longer decay times)
with approximately the same weights P; and P, which were evaluated according to the Eq 5.

AT,

Sar ©)

Pi (%) =

The use of chlorobenzene induces a more slowly contributions reaching the decay time 1.464
and 7.874 ns respectively for the first and the second contribution, while the values were of 1.335
and 5.181 ms in the case of chloroform. This can be attributed to the effect of solvent polarity on the
chain spatial arrangement. This can be attributed to the more adequate alignment of the polymer
chains in chlorobenzene, which suggest longer diffusion pathways leading to higher decay times [40].
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Figure 8. PL cartography of PVK/SWCNTSs prepared in chloroform (a) and prepared in
chlorobenzene (b).
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Figure 9. PL decay curves of the PVK film, nanocomposites films and PVK-SWCNTSs
solutions. (CNT weight fractions: 1.5% in chloroform; 1.75% in chlorobenzene).

Table 2. PL decay characteristics of native PVK, PVK/SWCNTs composite films and
PVK-SWCNTSs solutions.

Ay A, 7u(ns) w(ns) w(ns) Py P,
Chloroform PVK film 0.768 0.641 1335 5181 4270 0.23 0.76
Nanocomposite film 1603 0357 0.730 6.896 4900 0.32 0.67
PVK-SWCNTs solution  0.793  0.610 1.206 5263 4330 022 0.77
Chlorobenzene  PVK film 0.970 0.656 1464 7.874 6.490 021 0.78
Nanocomposite film 1840 0644 0660 3.846 2797 0.32 0.67

PVK-SWCNTSs solution  1.404 0524 0.740 4016 2930 0.33 0.66

After adding carbon nanotubes to the PVK matrix in solid state, the weight of the first
population (with shorter decay time) is increased and those of the second population is decreased
(Table 2). This can be interpreted as the shortness of the radiative pathways correspondent to 7, after
inserting SWCNTSs. For the obtained nanocomposites, it is clearly seen that the used solvent has an
important role in the life times and the radiative pathway length. In fact, in comparison with
chloroform, the chlorobenzene leads to shorter average life time. This behavior can be explained by a
better SWCNTSs dispersion in the case of chlorobenzene solvent. This hypothesis is coherent by the
decrease of the RBM mode at 181 cm ™, assigned to the bundled form SWCNTs (Figure 4). 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 10).
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Figure 10. Contour plot of transient PL for PVK thin film prepared from chloroform (a),
PVK thin film prepared from chlorobenzene (b), PVK in chloroform solution (c), PVK in
chlorobenzene solution (d), PVK/SWCNTs composites prepared from chloroform (e),
PVK/SWCNTSs composites prepared from chlorobenzene (f), PVK-SWCNTSs chloroform
solution (g) and PVK-SWCNTSs chlorobenzene solution.

4. Conclusions

Force constant variation from neutral to oxidized states and FTIR spectra of PVK/SWCNTs
composites at different carbon nanotubes concentrations demonstrate that there is a grafting process
between both components. The linkage is established at low CNT concentrations between the PVK—
CH-CH,— groups and the side wall of SWCNTSs. The charge transfer is supported by PL quenching
in both investigated solvents and it is more efficient in the case of chloroform. Moreover, the Raman
spectroscopy demonstrated that the chlorobenzene leads to a more dispersed states for the SWCNTS.
The photoluminescence cartography evidenced two exciton populations which contribute to emission
of the nanocomposites. Therefore, the time resolved photoluminescence spectra are simulated with
two coupled exponential decays. The results showed that dynamic parameters of the excited states
are influenced by the solvent nature. Indeed, the use of chlorobenzene induces a quicker decay in
comparison to chloroform. This effect has been interpreted as the consequence of the quality CNTs
dispersion in the organic solvent. This hypothesis is supported by decrease in emitted energy
intensity as a function of time. Regarding the dispersion states and the decay time variation, the
obtained results let to conclude that the nanocomposite obtained using chlorobenzene with 1.75%
CNT weight fraction is more efficient in photovoltaic applications.
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