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1. Introduction

The composite materials based on conjugated polymers became increasingly often
used in organic electronic devices due to the polymers’ optical, electrical and
mechanical properties, and to their advantage in terms of production costs and
ease of solution processing.

In this context, this work investigates the influence of carbon nanoparticles, such
as single walled carbon nanotubes (SWNTs) and reduced graphene oxide (RGO),
on the optical properties of poly (p-phenylenevinylene) (PPV) [1-3].

By increasing the concentration of carbon nanoparticles, important variations
were recorded in the relative intensities ratios corresponding to the maxima of PL
spectra of composite materials.

This fact can be correlated with a change of the conjugation length of polymers
chains due to the presence of these nanoparticles during the conversion process.

The generation of short polymer chains represents an important aspect that must
be considered in the luminescence quenching process due to carbon nanoparticles,
such as carbon nanotubes and reduced graphene oxide, which are actively
involved as acceptors of electrons generated in the PPV polymer due to excitons’
dissociation.

The understanding of processes associated with energy transport, in terms of time
and distance, is important for the optimization of the composite structure [4].

The investigation of optical processes represents an attractive subject, which
deserves to be explored for a better understanding of the luminescence quenching
and for the identification of the chemical species involved in this process.
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The quenching of luminescence may be based on several processes, such as
molecular rearrangement (static process) [5], quenching through contact (dynamic
process) [6], electron(s) transfer [7], reactions in the excited phase [8], chemical
defects [9] exciton diffusion [10] or Forster energy transfer mechanism [11].

Some of these processes will be investigated through experimental results
obtained from PL emission and excitation spectra and from PL measurements
recorded under polarized excitation light.

The optical properties of composite materials are directly influenced by the
preparation method. Nanocomposites based on conductive polymers can be
prepared using different methods, the main ones being colloidal dispersion and in
situ polymerisation [12-15].

The majority of dispersion methods lead to non-covalent assembled composites,
where the polymer matrix and the filling agent interact through London dispersion
forces.

Nevertheless, there is an increased interest regarding the introduction of covalent
bonds between the filling agent/carbon nanoparticles and the polymeric matrix in
order to promote strong bonds at the interface.

This thesis studies SWNTs as a mixture of carbon nanotubes (33% metallic
nanotubes and 66% semiconductor nanotubes) and SWNTs highly separated in
metallic nanotubes (M-SWNTs, 98%) and semiconductor nanotubes (S-SWNTs,
99%).

Different composite systems: PPV/S-SWNTs, PPV/RGO, PPV-Py and PPV-Py-
RGO (Py is the notation for pyrene), have been investigated from the point of
view of synthesis and optical properties.

Pyrene has high photoluminescence [16-17], and has proven to be effective for a
better homogenization of graphene and carbon nanotubes in solution, thus
facilitating the functionalization process of these carbon structures [18].

In addition, the polymers functionalized with pyrene were successfully used for
the stabilization of carbon nanotubes in the polymer matrix [18].

Inside the polymer matrix, pyrene plays the role of polarons’ stabilizer, allowing a
higher ionic mobility than that of the initial macromolecular compound [19-20].

Chapter 1. The synthesis of the poly(p-phenylenevinylene) polymer (PPV)

For the synthesis of the PPV polymer, the classic preparation method is the
annealing conversion. First step of the synthesis is to prepare the polymer
precursor from the a,a’-dichloro-para-xylene and tetrahydrothiophene in
methanol, using Wessling-Zimmerman method [15].
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Scheme 1. Steps of the PPV precursor synthesis method: (a) the refluxing stage, (b) condensation,

(c) annealing conversion of the PPV precursor into the polymer; I, II, IIT and IV correspond to the

following compounds: a,0’-dichloro-p-xilene, tetrahydrotiophene, bissulfonium salt and xyliliden
sulfonium chloride [21].

In order to convert the PPV precursor into the polymer, the PPV is thermally
treated at 300 °C, under vacuum conditions; for preparation of composites, the
precursor solution is further mixed with the carbon nanofiller, is ultrasonicated
and then thermally treated as specified above. Because of the large amount of
chemical reactives used during the PPV’s chemical synthesis route and the long
period of time needed, an alternative preparation method, i.e., the electrochemical
method [22], was proposed.

According to this method, thin films of polymers can be obtained on a Pt
electrode through the cathodic reduction of a, a, a’, o’-tetrabromo-para-xylene
(TBPX) (Scheme 2).
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Scheme 2. Electrochemical polymerization of a a, o, a’, o’-tetrabromo-p-xylene [22].
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PPV is electrochemically obtained from TBPX (0.02 M) and tetrabutylammonium
bromide (TBAB) (0.1 M) in dimethylformamide (DMF), in the potential range
(-2,+2) V, at a sweep rate of 100 mV/s.

Three electrodes are used in this synthesis method: the gold electrode as working
electrode, Ag/AgCl (3M) as a reference electrode, and the counter electrode
consisting of a spiral Pt wire.

The reduction process of TBPX comprises two reaction: the first one is
represented by the effective reduction of TBPX by accepting two electrons, and
thus leading to bromo-quinodimethan, which is further converted to bromo-
polyxyliliden at -0.8 V, and the second one corresponds to the elimination of
bromine atoms remained after the first stage and the formation of vinylenic units,
at-1.3 V [23].

Through the electrochemical method one can obtain PPV doped with Br [2] or
PPV in the undoped state, depending on the potential value at which the
voltammetric cycles (VC) were stopped [24-25].

Chapter 2. The composite materials such as SWNTs functionalized with PPV

Composite materials based on PPV and carbon nanotubes have attracted interest
beginning with 1999 [25] due to their high potential for application in solar cell
devices.

The composites based on SWNTs and PPV were obtained using the already
presented method, i.e. the annealing conversion of the mixture between the PPV
precursor and carbon nanotubes followed by the electrochemical reduction of
TBPX on the working electrode (Au electrode) modified by depositing a film of
(M+S)-SWNTs, M-SWNTs or S-SWNTs on its surface.

According to Figure 1, the presence of TBPX is confirmed by the absorption band
situated at 270 nm (4.6 eV). [27]

The UV-Vis absorption spectrum of the electrochemically synthesized PPV
deposited on an ITO substrate shows an absorption threshold at 3.23 eV due to
n-m* electronic transitions [28].

The generation of TBPX diradicals is confirmed through an absorption band
situated at 3.95 eV (312 nm).

The Raman lines in Figures 2 and 3 corresponding to the radial vibration mode
(RBM) of SWNTs situated at 164 and 168 cm™, are related to carbon nanotubes
with diameters of ~1.36 and 1.34 nm, respectively.

The Raman spectra were obtained for an excitation wavelength of 1064 nm.
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Fig. 1. UV-VIS absorption spectra of the TBPX in the initial state (a) and after the reduction
process at -2 V (b). (¢c) UV-VIS absorption spectrum of PPV deposited on ITO substrate [26]

By increasing the number of VC recorded on gold supports covered with (M+S)-
SWNTs and S-SWNTs films, one can observe a gradual decrease in the relative
intensity of the RBM line, the appearance of the line situated at 1174 cm™ and the

shift to higher wavelength of the defect band (D band) without any variations

in

intensity. All these variations are consequences of the shielding effect induced by

the full coverage of S-SWNTs with PPV macromolecular chains (PPV MC).
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Fig. 2. Raman spectra, at 1064 nm,
of (M+S)-SWNTs (a) and its
composites with PPV,

Wavenumber (em™

Fig. 2. Raman spectra, at 1064 nm,
of S-SWNTs (a) and its
composites with PPV,

obtained after 10 (b), 20 (c) and 30 (d)
voltammetric cycles (VC);
(e) Raman spectrum of PPV [26].

obtained after 10 (b), 20 (c) and 30 (d)
voltammetric cycles (VC);
(e) Raman spectrum of PPV [26].

Comparing the evolution of (M+S)-SWNTs and M-SWNTs Raman spectra
performed at a rezonant excitation wavelength for the metallic component, as
increasing the concentration of the polymer, one can observe the asymmetric
profile of the Raman line situated between 1547-1582 c¢m™, which is due to the
electron-phonon interaction [29].

The decrease of the intensities of Raman lines situated at 1540 cm™ and 1547 cm'l,
while the RBM intensity remains constant, is associated to the isolation of the
individual tubes from the bundles as a result of the functionalization process with
PPV (Figures 4 and 5).
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Fig. 3. Raman spectra at an excitation

wavelength of 676.4 nm, of PPV (e), (M+S)-
SWNTs (a) and its composites after 10 (b), 20
(c) and 30 (d) VC [26].

Fig. 5. Raman spectra at an excitation
wavelength of 676.4 nm, of PPV (e), M-
SWNTs (a) and its composites obtained after
10 (b), 20 (c) and 30 (d) VC [26].

Using the IR spectroscopy one can identify the type of carbon nanotube from the
PPV/SWNTs composite: metallic or semiconductor highly separated components
(Figure 6). Also, the type of the functionalization process between the SWNTs
and PPV depends on the SWNTSs predominant component.

Regarding the PPV/M-SWNTs composites, the non-covalent functionalization of
M-SWNTs with PPV (Figure 7) is revealed through the presence of two
absorption bands located at 1420 and 1452 cm™, at similar positions as in the case
of pristine PPV. On the other hand, the covalent functionalization of S-SWNTs
with PPV is revealed through the presence of the IR absorption band, situated at
1471 cm™, assigned to the deformation vibrational mode of the C-H bond [30].
This type of covalent functionalization takes place through the interaction
between the SWNTs cations radicals and the TBPX diradicals during the
formation of the polymeric film on the working electrode covered with the
S-SWNTs film, when the covalent bond (Cswnr)2-CH is created.
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Fig. 4. IR spectra of PPV M-SWNTs (a), electro- Fig. 7. XPS Cy spectra of S-SWNTs (a),
chemically synthesized on Au electrode covered PPV (b) and S-SWNTs covalently
with S-SWNTs (b) after 5, 10, 20 and 30 VC [27]. functionalized with PPV (c) [27].

Another strong argument, which supports the covalent functionalization of S-
SWNTs with PPV, is given by the XPS/C spectra recorded on S-SWNTs, PPV
and S-SWNTs covalently functionalized with PPV (Figure 7). Comparing the Cj;
spectrum recorded on S-SWNTs with the one recorded on S-SWNTs covalently
functionalized with PPV, one can observe a significant increase in the relative
intensity of the band situated at 286.1 eV, which corresponds to the C-C/C-H
bond, and a decrease in the relative intensity of the C=C bond situated at
285.2 eV. Those are the most important proofs for the formation of covalent
bonds (of C-C and C-Br types) between S-SWNTs and PPV. The distribution of
polymer chains of different lengths varies, depending on the type of SWNTs used
in the composite (Figure 8).

The luminescence quenching process is visible in all PPV/SWNTSs composites,
but especially in the case of PPV/M-SWNTs, in which the most pronounced
quenching effect was recorded. This fact is explained on the base of the energetic
diagram of PPV and SWNTs (33% metallic and 66% semiconducting tubes), S-
SWNTs and, respectively, M-SWNTs. According to Figure 9, it can be observed
that the LUMO level of PPV is closest to the LUMO level of M-SWNTs
compared to all other SWNTs used in the study.
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So, the free electrons, originating in the exciton dissociation process, leave the
PPV ground state (the HOMO level), then reach the excited state of PPV (the
LUMO level) before being promoted to the excited state of M-SWNTs.

After a while the electrons return to the PPV ground state, the energy value of
which coincides with M-SWNTs ground state, so that M-SWNTs capture in fact
electrons and, as a consequence, the luminescence is quenched.
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Fig. 8. PL spectra of PPV films Fig. 9. Diagram of the energy levels of
electrochemically synthesized on S-SWNTs (a;), M-SWNTs (a,) and
gold electrode before (a) and after the the metallic (b,) and semiconductor (b;)
electrode has been covered with components of (M+S)-SWNTs,
(M+S)-SWNTs (b), as well as of PPV represented by a red line in
M-SWNTs (c¢) and S-SWNTs films (d), after the figures a;, a,, by and b,. (¢) UV-Vis
performing 5, 10, 15, 20, 25 and 30 VC; absorption spectra of PPV [27].

(e) PL quenching of PPV
as a function of VC number
performed on the gold electrode
before and after the electrode has been
covered with films of (M+S)-SWNTs,
M-SWNTs and respectively S-SSWNTS [27].
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Chapter 3. The PPV/RGO composite materials

The PPV/RGO composite materials were also prepared using the same methods as
for PPV/SWNTS. In the case of PPV/RGO composites obtained through the
annealing treatment, the IR spectra recorded a dependence on the polarization
type, s or p, [31-32] and also with the RGO concentration. An increase in the
absorbance of the bands situated at 837 and 963-964 cm'l, as the RGO
concentration increases, was reported in the PPV/RGO composite prepared
through the annealing conversion method similar to SWNTs non-covalently
functionalized with undoped PPV [31-33].

The recorded variations of the orientation angle, of 28° and 41°, between the
dipolar transition moment vector (Og) and the gold supports, for the IR bands
situated at ~833-837 and 963-964 cm™', indicate significant perturbations into the
vibrational bending mode outside the plan of the C-H bond of the phenyl ring
(Figure 11). Meanwhile, the behevior is totally different in the case of
electrochemically synthesized composites. The IR spectra recorded after stopping
the VC at +2 V, revealed the IR absorption spectrum of doped PPV. In order to
verify the doped character of the obtained PPV, a treatment with NH4OH was
performed. Well known for having an undoping effect, the treatment with NH,OH
reveals the spectrum of undoped PPV, which is different from the spectrum of
PPV obtained through annealing conversion. This was the first proof that after the
electrochemically synthesis, PPV is not the single product obtained. Many IR
bands observed in the PPV spectra after the interaction with NH4OH are assigned
to distyryl benzene (DSB), which has a similar structure, having just three
repetitive units of p-phenylenevinylene. Moreover, for the PPV/RGO composite
with the highest RGO concentration (0.5 % wt.) a significant increase in the IR
absorption band situated at 1417 cm™, assigned to the bending vibrational mode
of the C=C bond from the phenyl ring, was recorded [31-32]. This fact indicates a
hindrance effect that appears as a consequence of the covalent functionalization of
RGO with undoped PPV.

The type of the functionalization which takes place between the M-SWNTs,
S-SWNTs and PPV was also determined through PL anisotropy measurements,
also used as a method to determine the wrapping degree of RGO in the PPV
polymeric chains.

Therefore, in the case of composite samples prepared through annealing
conversion, the reported values of anisotropy (r) are close to 0.4, which indicates
that the emission and excitation transition dipoles are aligned and parallel to the
basal plane of RGO. On the contrary, in the case of electrochemically synthesized
composites, a smaller value of r was reported, which indicates a non-parallel
orientation of the emission and excitation transition dipoles.
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Fig. 5. IR spectra of PPV film obtained through annealing conversion, deposited on gold support,
recorded in p (a) and s (b) polarization geometry, in the absence (a; and b;) and in the presence of
RGO 0.01 (a,, by), 0.05 (a3, bs) and 0.1 wt.%(a4, by) [2].

The values of the wrapping angle of RGO into the PPV chains (0pr) varied with
the RGO concentration, which increased from 0 to 0.5 wt.%, as follows:
i) from 12° to 31°, for RGO non-covalently functionalized with undoped PPV;
ii) from 28° to 34°, in the case of RGO covalently functionalized with doped PPV.

The increase of Op;, with the RGO concentration is assigned to the appearance of
n-* interactions between the PPV phenyl group and RGO.
Chapter 4. Composite materials based on PPV, pyrene and RGO

The introduction of pyrene into the PPV matrix leads to inhibition of the
polymerization process of the PPV precursor.

This effect was revealed by the appearance of a new line, situated at 613 cm’
(Figure 12) and assigned to the C-S-C vibrational mode of the thiophene ring [34].

The interaction between the phenyl ring of PPV and that of pyrene suggests a
non-covalent functionalization process, which takes place through physical n-n
interactions.



188 Mirela llie

E 1586

IERVAND}

1627

982

FPV-Py 110 o

Raman Intensity (a.u.)

1176

1324

' =2} ~ |
™ =] - -
e oo T

o SN AW o L
600 800 1000 1200 1400 1600
Wavenumber (cm™)
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The interaction between PPV and Py, in the presence of RGO, leads to an increase
in the conjugation length, favoring the elimination of the thiophene group.

Chapter 5. Investigation of photoconductive properties of PPV/RGO
composite materials

16x10"2 | PPV 25eV
T 245eV —3.1-2eV]
< f—2-3.1eV/
Emzno—” \
5
Q
L
Sgox10™
o

4.0x10™

1 1 1 1 1
22 24 26 2.8 3.0
Energy (eV)
PPV + 0.5 % rGO

a4x10M F or 248 6V 275eV
<
1=
(d
54.0x10™"
[*]
2
o
i =
o

3.6x107" —2-3.1¢eV

1 1 1 1 1

22 24 26 28 3.0
Energy (eV)

Fig. 13. PC spectra of PPV (a) and its composite with 0.05 wt.% RGO (b) recorded between 2 and
3.1 eV (charge), and reverse (discharge) [36].



Optical properties of composite materials based on conjugated polymers
as poly-p-phenylenevinylene (PPV) and its derivatives
with highly separated carbon nanotubes and graphenes 189

By combining the PPV polymer with RGO, one can obtain donor/acceptor
materials, where PPV plays the role of donor and RGO the role of electron
acceptor [35]. The energetic states of RGO can act as capture centers and also
recombination centers for free carriers such as electrons or holes.

Dynamic photocurrent (PC) measurements indicate a lower conduction for
pristine PPV, and a PC value with two orders of magnitude higher for PPV/RGO
than for PPV. The maxima of the photoconduction spectra, recorded for both
sweeping directions of the wavelength, i.e., from 600 to 400 nm and reverse,
become larger due to the localized energetic states of RGO (Figure 13).

The generation of the PC is due to the n-n* transition of free carriers that arrive in
the conduction band.

1.6x10"
<
1= 13
gﬂ 2x10
3
Q
o
Sgox10
o
4.0x10*
4.4x10™"
<
I=
o
54.0x10"
Q
o
o
L
o
3.6x10™" —231eV
22 24 26 28 3.0

Energy (eV)
Fig. 13. PC spectra of PPV (a) and its composite with 0.05 wt.% RGO (b)
recorded between 2 and 3.1 eV (charge), and reverse (discharge) [36].

The appearance of new maxima in the PPV/RGO PC spectra is mainly visible
during the discharge cycle.

These maxima originate in the localized states, which facilitate the charge transfer
of the electron from the LUMO level of PPV (equivalent to the conduction band
or high energy states) to the LUMO level of RGO. Electrical neutrality is
maintained by an electron transfer from the HOMO of RGO (equivalent to the
valence band or low energy states) to the HOMO of PPV, where recombination
takes place.

The mechanism of charge transfer is illustrated below, in scheme 3.
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Scheme 3. The photoconduction mechanism of PPV/RGO composite [36].

To estimate the time spent by the electrons, produced inside the PPV matrix, in
the excited state and to identify the type of the RGO localized states,
measurements of the photocurrent dynamics were performed.

The purpose of the study is to explain the observed fact that the composite
samples remained charged for a while, after cessation of exposure, returning to the
initial state after a certain time duration in the absence of light.

In this context the PPV/RGO composites were illuminated with optical pulses
and, using the equations:
_ fa—x) _ =)

y=vgtde Tr + Ae Tz (1)

for the charge process and
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for the discharge process, where Yy is the PC and Y its initial value, the time
constants for the charge and discharge processes, 7; and 7, respectively, were
calculated.

These time constants differ from each other through one order of magnitude (z; =
10.2 s and 7, = 145.8 s, in the case of PPV with 0.01 % RGO) [36], fact which
indicates the existence of two relaxation mechanisms, correlated with the different
location of RGO energy states relative to the conduction band of PPV.

The RGO localized states delay the recombination of free carriers at the interface
between the composite and the gold electrode, generating photocurrent.

Conclusions

As a result of the investigations presented in this thesis, we have concluded that:

1. The electrochemical reduction of TBPX in the presence of CNTs leads
to the appearance of a shielding effect of S-SWNTs due to the full coverage
of S-SWNTs with PPV macromolecular chains (PPV MC) and,
respectively, an effect of isolation of the metallic carbon nanotubes from
the bundle.

2. At the electrochemical synthesis of PPV in the presence of M-SWNTs a
non-covalent functionalization process takes place.

As a consequence of the covalent functionalization of S-SWNTs with PPV,
a steric hindrance effect appears in the case of PPV/S-SWNTs composites.

3. The luminescence quenching process is visible both in the case of
PPV/SWNTs and PPV/RGO composites due to the charge transfer, which
takes place from the PPV to SWNTs and, respectively, from the PPV to
RGO.

4. The anisotropy values calculated for the PPV and its composites with
RGO obtained through annealing conversion are very close to 0.4, which
indicates that for a wrapping angle of almost 0¢, the emission and
excitation dipoles are aligned and parallel with the basal plane of RGO,
suggesting that the PPV and its composite are preferentially oriented
towards the support.

5. As indicated by Raman and IR spectroscopy, adding pyrene to the PPV
matrix leads to a non-covalent process, which occurs through n-n
interactions.
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6. The PC value is two orders of magnitude higher for PPV/RGO than for
pristine PPV due to delaying of the recombination process at the
PPV/electrode interface. This delay is caused by the RGO energy states
localized in the vicinity of the PPV conduction band, which capture free
electrons, keep them trapped, and release them after a while.

This mechanism based on two processes of charge and discharge is
described by two time constants, t1 and z,, on the basis of which it can be
said that there are two types of capture centers, situated differently with
respect to the PPV conduction band.
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