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ARTICLE INFO ABSTRACT

Handling editor: M Meyers Fluorene-benzothiadiazole (PFBT), commercially known as F8BT, and fluorene-thiophene (PFT) copolymers

were synthesized by the Suzuki-Miyaura coupling polycondensation technique in the presence of a phase transfer

Keywords: catalyst (Aliquat 336). These novel copolymers showed higher molar masses, lower dispersivity, and thermal
Synthesis of copolymers stability above 400 °C when synthesized under the modified (M) action of Aliquat 336 (F8BT-M). Polymer Light-
i 18;? T emitting diodes (PLEDs) were assembled with the novel synthesized copolymers as the emitter layer. For F8BT-
Green emitting copolymers M, a maximum luminance2 of 327 cd/m? was achieved, while a diode containing just the commercial F8BT
PLEDs resulted in only 210 cd/m®. As for the PFT copolymers, it was observed that for the Aliquat 336 sample syn-

thesized in a 60h extended (E) (PFT-ME), the luminance of the PLED was much higher than that where the
reaction time was 48 h (PFT-M), with a luminance of 168 c¢d/m? and 54 cd/m?, respectively. Without Aliquat
336, the PFT copolymer did not show an electroluminescent signal. The improved electroluminescence in the
copolymers with Aliquat 336 was attributed to the improved synthesis conditions, i.e., reaction time and cata-
lytic system employed. The results suggest that copolymers with luminescent and morphological properties,
more suitable for light-emitting devices, might be obtained with simple modifications during synthetic poly-
condensation reactions.

1. Introduction

The synthesis of light-emitting alternating copolymers has attracted
significant attention over the years since such materials have low
bandgap and broad and intense absorption in the visible and near-
infrared regions, in addition to exhibiting a good fit of the Lowest Un-
occupied Molecular Orbital (LUMO) position [1-4]. Such aspects arise
from the delocalization of n electrons in the backbone of conjugated
polymers that can induce strong stacking interactions, facilitating the
efficient transport of charge carriers and, thus, increasing the electrical
conductivity [5].
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Among conjugated polymers, fluorene copolymers (PFs) have been
extensively studied as one of the main classes of emitting materials used
as an active layer in polymer light-emitting diodes (PLEDs) due to their
good processability and high luminescence quantum yields [6-8].
Furthermore, PF can be easily functionalized at the 9 position with a
long alkyl side chain to improve material solubility. In addition, its
emission can be modified by adding different groups to the polymeric
chain [8-10]. Thus, PF as a donor moiety in copolymers has aroused
considerable research interest for application in PLEDs, revealing better
thermal and oxidative stability, high photoluminescence (PL) and elec-
troluminescence (EL), as well as long service life and tunable properties
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Fig. 1. Action of Aliquat 336 in polycondensation reactions such as F8BT polymerization.

to cover the entire visible range of wavelength [11-13].

To obtain adjustable EL properties, different groups can be inserted
into the main polymer chain, such as benzothiadiazole, thiophene, and
thieno-arenes [8,10-15]. Among the fluorene copolymers that have the
highest photoluminescence quantum yield (PLQY), poly (9,9-dioctyl-
fluorene-co-benzothiadiazole) (PFBT), commercially known as F8BT,
stands out for high stability and good charge transport properties [16]. It
delivers good performances when applied as an active layer in PLEDs,
where it has demonstrated high hole mobility, providing devices with
high efficiencies [17,18]. However, the electron localization on the
benzothiadiazole (BT) unit may decrease electron mobility in F8BT,
blocking electron injection at the interface of F8BT/cathode [14,19-22].

Even so, the F8BT conjugated polymer is an efficient emitter of green
light, with a PL efficiency of 50-60 % in films. Furthermore, it exhibits a
relatively high electron affinity, equivalent to 3.3 eV, and a large ioni-
zation potential of 5.9 eV [23]. Alternatively, introducing thiophene
units in the fluorene chain promotes good stability in the neutral and
doped states, which can propitiate the emission’s displacement and
decrease the formation of aggregates [24-28].

Among the characteristics that influence the electrical and optical
performance of polymer materials, the weight molar mass (M) is one of
the essential parameters [29,30]. Their syntheses are mostly performed
by the Suzuki-Miyaura coupling technique in an interfacial system under
the action of a Pd catalyst [31,32]. Some studies report adding a phase
transfer agent for greater interaction of the reactants in the reaction
medium [33-39]. One widely reported phase transfer agent is the
Starks’ catalyst (tricapryl methylammonium chloride), known as Ali-
quat 336, a mixture of quaternary ammonium salts (ionic liquid), which
scavenges anions such as C1~ and Br™ [40,41]. Aliquat 336 is commonly
used as a surfactant and phase transfer catalyst, as it has a strong
chloride anion coordination effect [40,42]. Studies indicate that Aliquat
336 can provide a higher degree of polymerization and Mw, as well as
reduce the dispersity in polymerizations by Suzuki-Miyaura coupling
[43].

Polymerization by the Suzuki-Miyaura is a step-growth poly-
condensation characterized by cross-coupling two aryl subunits, one
from an aryl diboronic acid and the other from an organodihalide,
catalyzed by heterogeneous Pd compounds in two-phase, water and
organic solvent. This system also comprises an organodiboronate com-
plex, partitioning between the aqueous and organic phases [44].
Therefore, a phase transfer agent such as Aliquat-336 enables reactions
between anions or molecules soluble in the aqueous phase and organic
substrates soluble in the organic phase [45], acting as a surfactant. Ac-
cording to Said and Ben [46], the use of Aliquat-336 plays an important
role in the reduction of Pd(II) as well as in the stabilization and solu-
bilization of Pd (0).
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In the literature, F8BT copolymers with number-average molar
masses (Mp) of 3.8, 6.7, 9.9 and 15 kDa were synthesized and charac-
terized. All polymers exhibited fine-tuned energy levels with better
ambipolar carrier mobility [47]. Wang et al. [48] reported an F8BT
copolymer with a Mj, of 23500 g/mol. While in the work of Santos et al.
[33], such copolymer had an My, of 9225 g/mol. A possible explanation
for the difference is that the latter did not employ Aliquat 336 in the
reaction medium and terminated the chain with phenylboronic acid and
bromobenzene. Azevedo et al. [49] used an F8BT copolymer with M, of
22000-24000 g/mol in a single-layer polymer light-emitting diode.
Morais et al. [14] synthesized PFBT. Their reaction medium consisted of
the monomers 9,9-dihexylfluorene-2,7-diboronic acid, 4,7-dibromoben-
zoyl-1,2,5-thiadizole. Using a potassium carbonate solution, toluene as
solvent, and the Pd phosphine catalyst ((Pd(PPhs)4), the reaction was
carried out at 95 °C for 72 h, and the obtained copolymer presented M,
around 2630 g/mol and dispersity (P) of 2.32.

Vamvounis et al. [50] reported that the average M, for the
fluorene-co-thiophene (PFT) copolymer was around 6254 g/mol with a
b of 1.3 employing the Pd catalyst (Pd(PPhs)4) and tetrahydrofuran
(THF) as solvent. Pal et al. [13] reported M,, of 2904 g/mol and D of
1.68. Rodrigues et al. [51] synthesized the copolymer poly [(9,9-dio-
ctylfluorene)-co-thiophene] (PDOF-co-Th) using the monomers 9,9-dio-
ctylfluorene-2,7-diboronic acid and 2,5-dibromothiophene. The
reaction medium consisted of a potassium carbonate solution, xylene as
a solvent and a Pd catalyst, the reaction time was 72 h. The obtained
copolymer presented M; of 2009 g/mol and D of 5.29.

The present work aims to synthesize novel green emission organic
materials based on F8BT and PFT copolymers in the presence of Aliquat
336 in order to evaluate how those innovative modifications in the
synthetic procedure affect the properties of the materials, such as ther-
mal stability, My, and absorbance and photoluminescence. To evaluate
the electroluminescence properties, PLED devices were assembled with
such copolymers as light emitting materials, employing the architecture,
glass-ITO/PEDOT:PSS/PVK/green light emitting copolymer/Ca/Al [52,
53], and the characteristics achieved for the devices are discussed.

2. Experimental
2.1. Materials

For the synthesis of the F8BT copolymer, the monomers 2,2’-(9,9-
dioctyl-9H-fluorene-2,7-diyl)bis  (4,4,5,5-tetramethyl-1,3,2-dioxabor-
olane from Oxchem Corp, USA, and 4,7-dibromobenzo [c] [1,2,5]thia-
diazole from Ossila, UK, were used. For the synthesis of the PFT
copolymer, the monomers were 9,9-dioctylfluorene-2,7diboronic acid
and 2,5-dibromo-3-hexylthiophene, purchased from Henan Alfachem
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Fig. 2. Synthetic routes performed for fluorene-thiophene copolymers.

Co, China, and Okwood Chemical, USA, respectively. Pd catalyst (Pd
(PPh3)4) was purchased from Sigma Aldrich, Brazil, as well as the po-
tassium carbonate and Ca. The Aliquat 336 was purchased from Oak-
wood Chemical, and the phenylboronic acid from OxChem. The solvent
used in both syntheses, toluene, was supplied by ProQuimios, Brazil, and
distilled under Na. The PLEDs based on the synthesized materials were
assembled using Corning, USA, Eagle XG/1737 indium-doped tin oxide
(ITO) conductive glasses with a resistance of 7-10 Q/sq sheet and poly
(3,4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS)
Clevios P VP AI 4083, from H.C. Starck, USA. Poly (9-vinylcarbazole)
(PVK, Mw~1,100,000) was purchased from Sigma Aldrich. Commercial
F8BT (M, < 25000 g/mol, B <3), used as standard material for com-
parison, was acquired from Sigma Aldrich.

2.2. Methods

Fig. 1 presents the reactions that characterize the copolymerization
of the monomers 2,2’-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis (4,4,5,5-
tetramethyl-1,3, 2-dioxaborolane (M1) and 4,7-dibromobenzo [c] [1,2,
5]thiadiazole (M2) mediated by K2CO3/Aliquat 336 in Toluene/water
biphasic systems. The dissociation reaction of tricaprylylmethylammo-
nium chloride (QCl- Aliquat 336) and K»COs, resulting in the formation
of Q2CO3 in the aqueous phase with subsequent transfer to the organic
phase, occurs throughout the reactions, as evidenced by Egs. (1) - (4),
displayed in Fig. 1. Eq. (5), the polycondensation reaction between the
borolane and bromine groups of the monomers was demonstrated.

The synthesis of F8BT-M was carried out in a round bottom flask
under a nitrogen atmosphere by adding 1 mmol of M1, 1 mmol of M2,
and 34.7 mg of the catalyst Pd(PPhg)4 in 12 mL of toluene. Then, 2 mL of
potassium carbonate 2 M aqueous solution (K,COs3 acting as the base)
were added, and subsequently, 10 drops of Aliquat 336 were added. A
condenser previously closed with a septum was attached to the flask.
After 24 h, 0.121 g of phenylboronic acid was injected as a polymer
chain terminal group, and the reaction was maintained under heating
and stirring for another 48 h. The organic phase was extracted with
chloroform at the end of this process, and the mixture was then filtered.
Magnesium sulfate was added to the filtrate and left stirring for 1 h. After
this time, the mixture was filtered again, and chloroform was removed
by rotary evaporation. The polymer was precipitated in methanol,
obtaining a bright yellow fibrous material. The precipitated material
was filtered, dried, and purified by Soxhlet extraction in acetone, hex-
ane, and chloroform. The F8BT-M was collected in chloroform and dried
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in a Petri dish, forming a homogeneous shiny film. The nuclear magnetic
resonance (NMR) signals corresponding to FSBT-M (CDCls), are § = 8.10
(d, 2H), 7.97 (m, 6H), 8.04 (s, 2H), 2.16 (s, 4H), 1.16 (m, 20H), 0.97 (s,
4H), 0.81 (m, 4H)

The three methodologies illustrated in Fig. 2 were used to develop
fluorene-thiophene copolymers. The first was without using a phase
transfer agent, with a reaction time of 48 h (PFT). The second with the
phase transfer agent Aliquat 336, also for 48 h of reaction time (PFT-M).
The third was carried out with Aliquat 336 agent and performed in the
dark for 60 h of synthesis (PFT-ME).

For the synthesis of PFT: 5 mmol of M1 (9,9-dioctylfluorene-2,7
diboronic acid), 5 mmol of M2 (2,5-dibromo-3-hexylthiophene), and
0.020 g of Pd(PPh3)4 were added to a round bottom flask. 12 mL of
toluene and 8 mL of KoCOj3 solution (2 M) were added. The mixture was
stirred vigorously at 85-90 °C for 48 h under N». After the reaction time,
the polymer chain was terminated with phenylboronic acid and main-
tained for another 24 h. After introducing the chain terminal group, the
reaction was cooled to room temperature (RT), the organic phase was
extracted into chloroform, and a desiccant agent was added. The me-
dium was filtered and poured into a mixture of methanol and water
(10:1). A yellow fibrous solid was obtained. The solid was then filtered
and washed with methanol, water, and methanol. The material was
purified by washing with acetone in a Soxhlet apparatus for 24 h to
remove oligomers and catalyst residues, then with hexane, and finally
with chloroform, where the polymer was collected. It was then dried in a
Petri dish at RT. The corresponding PFT 14 NMR (CDCl3) signals are &
7.61 (dd, J = 70.6, 50.8 Hz, 6H), 7.32 (s, 2H), 2.05 (m, 4H), 1.10 (m,
16H), 0.85 (d, J = 34.4 Hz, 14H).

The same procedure as for PFT was employed for PFT-M synthesis,
except for introducing 10 drops of Aliquat 336 to the reaction medium.
The reaction was also conducted at 90 °C for 48 h. The terminal group
phenylboronic acid was added under the same reaction conditions.
Likewise, the material was subjected to Soxhlet extraction in acetone,
hexane, and then chloroform for purification. The corresponding PFT-M
'H NMR (CDCl3) signals are § 7.61 (dd, J = 70.6, 50.8 Hz, 6H), 7.32 (s,
2H), 2.05 (m, 4H), 1.10 (m, 16H), 0.85 (d, J = 34.4 Hz, 14H)

The conditions for the PFT-ME synthesis were the same as PFT-M,
with the difference that the reaction was carried out in the dark for
60 h to investigate the influence of the reaction time on the My of the
synthesized copolymer. This synthesis was performed in the dark
because the possible photosensitivity of the borolan group in one of the
monomers was noted. The methodology used to obtain PFT is described
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by Chen et al. [48]. After closing the polymeric chain, the material was
precipitated in methanol, filtered, and treated by Soxhlet extraction in
acetone, hexane, ethyl acetate, and dichloromethane. The polymer was
collected in the hexane fraction, and in the other solvents, there was no
extraction. The corresponding PFT-ME H NMR (CDCl3) signals are &
7.86-7.56 (m, 6H), 7.53-7.29 (s, 2H), 2.05 (m, 4H), 1.45-0.99 (m, 16H),
0.95-0.61 (m, 14H).

2.3. Characterization

Using gel permeation chromatography (Prominence® UFLC Shi-
madzu with Shim-pack GPC-803C column set, 300 x 8.0 mm (My): 7 X
10* and Phenogel™ 5 pm Linear (2), 300 x 7.8 mm (M,,): 1 x 107), the
M,, of the synthesized copolymers were measured. The emitting mate-
rials were dissolved in chloroform at a 2 mg/mL concentration and
injected into the chromatograph using CHCl; as an eluent. A calibration
curve was based on monodispersed polystyrene standards. Thus, the
weight average My, M, and D were obtained.

To confirm the structure of the synthesized copolymers (F8BT-M,
PFT, PFT-M, and PFT-ME), 'H NMR spectroscopy was performed in a
Bruker® spectrometer at 400 and 500 MHz using CDCl3 as solvent. The
structure was also investigated by Fourier transform infrared spectros-
copy on an Infrared Spectrometer - Spectrum 100 - PerkinElmer in ATR
mode in the wavelength range of 580-4000 cm ™!

Thermogravimetric analysis (TGA) was used to determine the ther-
mal stability of the emitting materials. Samples in powder or film (10
mg) were analyzed in a TA Instruments Q500 equipment under a ni-
trogen atmosphere (N5 flow of 60.0 mL/min), from RT to 700 °C, at a
heating rate of 10 °C/min. Through this analysis, the initial degradation
temperature (Topset), the temperature of the maximum degradation rate
(Tmax), identified as the peak in the derived thermogravimetry, as well
as the residue obtained at the end of the analysis (700 °C) were
determined.

X-ray diffraction analysis (XRD) was conducted in a Rigaku diffrac-
tometer (Miniflex model), with a potential difference of 30 kV and an
electric current of 15 mA. The samples were deposited from solutions of
10 mg/mL in chloroform to form a film on a glass substrate and sub-
jected to a scan in the range of 20 from 2° to 45° at 0.05°/min and CuKu
= 1.5418 A.

The copolymer solutions were prepared to obtain the ultra-
violet-visible (UV-Vis) absorption spectra, and the samples were diluted
in chloroform (1 mg/mL). Measurements were performed using an
Agilent Cary 60 UV-Vis spectrophotometer.

With the device ready, the roughness of the polymeric films depos-
ited as an emitter layer (EML) was evaluated by atomic force microscopy
(AFM) using a Nanosurf C3000 microscope operating in non-contact
mode with a speed of 5 pm/s and an area of 20x20 pm. The images
generated by the equipment were processed using the Gwyddion soft-
ware (64 bits).

To perform the cyclic voltammetry (CV) analysis, the copolymers
were deposited (200 pL of a 5 mg/mL solution) by spin-coating on ITO-
glass substrates and subsequently heat treated at 100 °C for 10 min.
Measurements were carried out in a Metrohm Autolab potentiostat with
a three-electrode cell in a solution of tetrabutylammonium hexa-
fluorophosphate (TBAPFg) in acetonitrile (0.1 M) bubbled with nitro-
gen, at a sweep rate of 20 mV/s, at RT. Ag/AgCl was used as the
reference electrode, a Pt wire was used as the counter electrode, and the
working electrode was the ITO-glass substrate coated with the co-
polymers. HOMO energy levels were obtained from the equation HOMO
= — (Eoxonset +4.8) eV. The LUMO levels of the polymers were obtained
between the difference Epypmo= (Eg + Enomo), where the bandgap en-
ergy (Eg) was estimated from the UV-Vis absorption data, following a
method typically used for polymeric materials [54].

The thickness of the emission layer was obtained using Dektak Pro-
filometer equipment, with a 12.5 pm Stylus tip (Bruker). For this pur-
pose, the films were deposited as performed for the devices, and a line
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Table 1
Polycondensation results of conjugated copolymers, yield, molar mass (M, and
M,), dispersity (D), and 1H NMR signals.

Copolymer Yield (%) M, x10° (g/mol) M,, x10° (g/mol) 1]

F8BT-M 72 32.05 67.60 2.10
PFT 68 3.87 11.64 3.00
PFT-M 82 5.50 9.19 1.67
PFT-ME 74 8.74 20.15 2.30

was made to provide a step for the measurement.

2.4. PLED Assembly and characterization

As a light-emitting layer, PLED devices containing synthesized F8BT-
M as well as PFT, PFT-M, and PFT-ME were assembled with the
following configuration: glass-ITO | PEDOT:PSS | PVK | Polymer Light
Emitting Layer | Ca | Al For the sake of comparison and to have a
reference device based on a polymeric material with a previously known
response, a device of the same structure, but with the commercial F8BT
as an emitting layer, was assembled and evaluated. All diodes were
assembled as follows. First, glass-ITO substrates were photolitho-
graphed, cut, and cleaned. Then, a PEDOT:PSS (HTL) layer was depos-
ited by spin-coating (3000 rpm, 40 s) and dried on a heating plate at
120 °C for 20 min in a Mbraun glovebox. Finally, the complementary
HTL layer PVK (commercial) was deposited at a speed of 3000 rpm for
40 s in spin-coating above the PEDOT:PSS layer. For the formation of
green emitter layers, materials solutions were obtained after weighing
10 mg of samples of thiophene copolymers, benzothiadiazole co-
polymers, and commercial F8BT, respectively, which were subsequently
dissolved in 1 mL of tetrahydrofuran (THF). Before deposition, the so-
lutions were filtered through a PTFE membrane filter (Millipore®, 0.45
pm). After spin-coating at 2000 rpm for 40 s, the films were annealed on
a hot plate at 100 °C for 10 min. Finally, Ca (20 nm) and Al (80 nm) were
thermally evaporated under 5 x 10~ mbar inside an MBraun glovebox.

After assembling the PLED devices, they were transferred from the
glovebox to a hermetically sealed sample holder for electrical charac-
terization. The current-voltage curves were obtained with a Keithley
2410-C source meter. The electroluminescence (EL) spectra were ac-
quired with an Ocean Optics USB2000+ portable fluorimeter, and the
luminance and CIE coordinates were obtained with a color and lumi-
nance meter CS-100A (Konica Minolta). To limit the maximum current
flowing to the diodes and thus prevent damage to the samples and
contacts, scanning voltage was applied until 16 V. Therefore, the EL
curves presented here are the result of an evaluation of voltages that
provided some information on electroluminescence intensity under a
maximum of 10V.

3. Results and discussion
3.1. Structure and molar mass

The copolymer samples were subjected to GPC and 'H NMR analyses.
Table 1 summarizes the main results of the polycondensation and the
yields obtained in the synthesis. Polymerization yields of around 70 %
were obtained, and as the synthesis was carried out in the presence of
Aliquat 336, higher M,, was achieved.

Overall, it is observed that carrying out the copolymerization in the
presence of Aliquat 336 caused a gain in M,y,. When observing Table 1,
the copolymer F8BT-M (with the action of Aliquat 336) showed M, of
32052 g/mol, a value higher than those previously reported [14,33,
47-49], as well as higher than the commercial F8BT used (M, < 25000
g/mol). Thus, the synthesized copolymer may have a longer conjugation
length of alternating electron donor (fluorene) and acceptor (benzo-
thiadiazole) portions in the polymer chain.

The idea in this work is to use F8BT-M as an emitting layer in light-
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emitting devices. However, its use in other sections of the device is not replacing the borolane group at the end of the copolymer with Br
disregarded. Suh et al, [55] report the synthesis of F8BT without Aliquat (F8BT-Br) for additional syntheses, the Mw achieved was 9916 g/mol. In
336 as a precursor for a polyelectrolyte based on this copolymer. After this way, the relevance of using Aliquat 336 in obtaining higher My, is
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observed. Indeed, by the methodology used here, it was possible to
improve the properties in view of the greater conjugation that the
polyelectrolyte would possess. This makes it possible the future, inves-
tigatigation of this aspect and its use as an electron transport layer (ETL)
as done by the cited authors.

Aliquat 336 positively influenced the reduction in D of the synthe-
sized PFT copolymers since the sample obtained without this agent
presented a B of 3.00, while those obtained in the presence of this phase
transfer catalyst resulted in lower D values (PFT-M: D = 1.67 and PFT-
ME: B = 2.30) [43]. A low D implies that the chains have more regular
sizes between them, so the closer D is to one, the polymer chains have
similar sizes. Notably, when Aliquat 336 was added to the reaction
medium, this agent greatly influenced the M;, of the obtained copolymer
(PFT-M) compared to the PFT material synthesized without Aliquat 336
(PFT). In addition, an increase in M,y was also verified with a longer
reaction time of 60 h when the PFT-ME copolymer was produced. The
greatest gain obtained was the decrease in D with the use of Aliquat 336
since the sample without PFT presents higher D and those obtained with
this interfacial agent provided lower B, even with larger chain sizes. It is
well known that polymers with higher M,, generate positive effects on
device efficiency. Moreover, the decrease in D reduces structural defects
in the polymer that affect energy transfer and charge retention/re-
combination, resulting in greater exciton generation, as well as higher
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The GPC curves are shown in Figure S1 (Supplementary data) for all
synthesized materials. As seen in Table 1, the sample produced with
Aliquat 336 in the reaction medium, synthesized with the longest, 60h,
reaction time for the PFT-ME, has the highest average molar mass (M)
of 8743 g/mol.

All copolymers synthesized with the addition of Aliquat 336
exhibited M,y higher than those reported in the literature (between 4000
and 8000 g/mol) [13,50], demonstrating that this phase transfer cata-
lyst provided greater uniformity in the coupling of the meres and
consequently improved the properties of the obtained materials [42].
For the PFT series of copolymers, the sample synthesized in the dark
with Aliquat 336 with a longer reaction time, PFT-ME, showed the
highest M, and M,, of the series. The increase in M,, with a longer re-
action time is typical of Suzuki-Miyaura coupling reactions [56,57].
Such reactions have the advantage of less severe synthesis conditions
and a very small catalytic amount, as used in the present work [58-60].
The reaction times used in these couplings generally range from 24 to 72
h, and regioregular polymers with a 25-50 kg/mol molar mass are ob-
tained [48].

As for the polymeric structures of the F8BT and PFT copolymers,
from the 'H NMR results shown in Fig. 3, it is observed that the poly-
meric structures estimated from the results are in good agreement with
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Fig. 5. Thermogravimetric analysis of the copolymers of (a) fluorene and benzothiadiazole and (b) fluorene and thiophene.

4323



E.B. de Brito et al.

Table 2
Data from the thermogravimetric curves of fluorene copolymers with benzo-
thiadiazole (F8BT) and fluorene-thiophene (PFT).

Copolymer T10 % (°C) Tonset (°C) Tmax CC) Residue (%)
F8BT-M 432.3 424.4 449.1 5.6
PFT 431.4 408.1 539.1 1.8
PFT-M 421.3 419.3 450.9 4.0
PFT-ME 425.9 420.8 450.3 4.6

the spectrum obtained. The chemical shifts obtained were similar to
those reported in the literature, concluding that F8BT was obtained with
high purity. For PFT-based copolymers, the deuterated chloroform
signal appears at a displacement of 7.28 ppm.

The data achieved are similar to those published by CHARAS et al.
[11]; therefore, this copolymer was obtained with high purity, even with
an interfacial agent in the reaction medium [11,17,33,48,61].

The structure of the copolymers was also evaluated using Fourier
transform infrared spectroscopy (FTIR) analysis; the data obtained are
shown in Fig. 4.

In Fig. 4 (a), the characteristic bands of the F8BT copolymer are
presented; at 2923 and 2849 em™ Y, there is the CH stretching; at 1260
and 1459 cm ™! are bands corresponding to the vibrations of the HCC
and HCH groups, while the band that extends at 720 and 746 cm™!
indicate the presence of CCC and NCC [62,63] in the spectrum presented
in Fig. 4 (b), which corresponds to PFT copolymers. The bands at 2922
and 2854 cm™! correspond to CH stretching to CH, (asymmetric and
symmetric, respectively), while at 1462 cm’l, it is associated with vi-
brations of the fluorene rings, at 1259 cm ™! with the CH bending of the
thiophene and fluorene ring, at 1087 cm™' at CH curvature of the
thiophene ring. Finally, the stretching at 795 cm ™! corresponds to the
C-S-C deformation of the thiophene ring [51].

3.2. Thermal properties

Fig. 5a shows the TG/DTG curves of the F8BT-M sample, where a
single temperature of maximum mass loss (Tpyax) is observed around
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maximum degradation rate is around 450 °C for materials synthesized
under the action of Aliquat 336, a temperature much higher than that
reported by Pal et al. [13], where the degradation temperature was
around 326 °C. Moreover, the higher amount of residue at 700 °C for the
materials produced in the presence of Aliquat 336 compared with the
polymer obtained in the absence of this agent, PFT, might be due to the
higher My, attained. The TGA pyrolysis of polymers, PFT-M and PFT-ME,
which have higher My, hinders the evolution of decomposition gases,
producing more char residue than the PFT sample.

3.3. X-ray diffraction

For the F8BT-M sample, the XRD curve in Fig. 6 presents three peaks
at 5.5° 10.9°, and 22.1°. Tanaka et al. [65] reported that for the F8BT
material, XRD peaks are expected at 5.25° and 6.0°, associated with
interplanar spacings of 16.9 and 14.7 A, respectively. Such peaks
correspond to the (001) and (100) crystallographic planes. The peak at
about 22.1° corresponds to the (004) plane associated with the n-n
stacking, for which the copolymer domains form monocyclic unit cells
[23,66]. The structural ordering, transition temperature, and electrical
properties of F8BT are functions of its M,, [23]. That explains why the
diffractions were less intense in the film produced in the present work.
The M,, is lower, and the material is predominantly amorphous, which
agrees with what is reported in the literature [67].

For samples referring to thiophene copolymers, each curve has two
halos, centered at 20 = 7.6 and 23.2° for PFT, 12.5 and 20.6° for PFT-M,
and 5.4 and 19.3° for PFT-ME, as presented in Table 3. Thus, the angles
between 5 and 12° refer to the spacing between the main polymeric
chains, while 20° is attributed to the n-n stacking spacing. The PFT-ME
sample, the copolymer with the highest M,,, has a greater interplanar
distance than the other fluorene-thiophene materials. This observation
may be linked to a lower packing of the polymeric chains due to its

Table 3
Data of X-ray diffractograms of the copolymers of F8BT-M, PFT, PFT-M, and
PFT-ME.

) : ; . . Entry 20 (°) d (nm)
449 °C, which agrees with what is reported in the literature [64]. Data F—— 5 109 221 60, 051 040
associated with thg TG curves are compiled in Table 2. PET 7.6:23.2 116 0.38
The TGA of thiophene-coupled fluorene copolymers showed good PFT-M 12.5; 20.6 0.70; 0.43
thermal stability for all synthesized samples since they began to degrade PFT-ME 5.4;19.3 1.63; 0.45
at temperatures above 400 °C, as seen in Fig. 5b. The temperature at the
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Fig. 6. X-ray diffraction curves of green-emitting copolymers based on (a) fluorene and benzothiadiazole and (b) fluorene and thiophene. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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F8BT-commercial F8BT-M

@

PFT-ME

Fig. 7. AFM analysis of films of green light emitting copolymers: (a) commercial F8BT (b) F8BT-M (synthesized) (c) PFT (48 h without Aliquat 336) (d) PFT-M (48 h
with Aliquat 336) (e) PFT-ME (60 h with Aliquat 336 in the dark). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Table 4

Roughness data obtained by AFM of the green light-emitting copolymers.
Samples Ra (nm) RMS (nm)
F8BT commercial 19.92 20.40
F8BT-M 29.52 33.46
PFT 15.37 7.35
PFT-M 16.83 6.28
PFT-ME 26.26 9.96

greater conjugation [38].

3.4. Atomic force microscopy (AFM)

Fig. 7 shows AFM height images of thin films of green light-emitting
polymer materials.

Data related to the mean roughness (Ra) and mean square roughness
(RMS) of the samples are shown in Table 4. This table shows that for the
green light-emitting copolymers based on fluorene and benzothiadiazole
units, the RMS of the synthesized sample was superior to the commercial
polymer. Yamaguchi et al. [68] reported that the surface becomes
rougher as the M, increases, which would agree with what was observed
for the synthesized samples since they presented higher molar mass
when using Aliquat 336 in the reaction medium.

Such an effect was also observed for the green materials based on
fluorene-thiophene. The PFT- ME sample, obtained in the presence of
Aliquat 336, had a higher M,, than PFT, synthesized without this agent
in the reaction medium. In addition, when performing such synthesis
with the agent and in a longer reaction time of 60 h, the M,, was superior
to the polymer PFT-M obtained for 48 h. The roughness of the polymeric
film analyzed by AFM revealed that this property was correlated with
the M,, obtained. Yamaguchi et al. [68] reported that the roughness
depends on the M,, or aggregate size. Thus, surface roughness is not a
statistical effect of polymer solubility, but comes from polymer struc-
tures when forming films. The influence of M,y on film roughness was
also observed in Xiao et al. [69], who studied the effect of the M,, of
copolymers on solar cell performance. They reported that the RMS
increased as the molar mass increased, which may be associated with the
random orientation of the polymer backbone.

3.5. UV-vis absorption spectra and fluorescence lifetime

The F8BT-M sample was diluted in chloroform and then subjected to

(A) 451

Abs.

——F8BT-M

T T
400 500

Wavelength nm.

T
300

Fig. 8. UV-Vis absorption spectra of the copolymers of (a) F8BT and (b) PFT samples.

darkroom under a 365 m UV lamp.
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UV-Vis absorption spectroscopy, displaying two electronic absorption
bands. The higher energy band is placed around 317 nm and the lower
one around 451 nm, which correspond to the fluorene unit (electron
donor) and benzothiadiazole (acceptor), respectively, as seen in Fig. 8,
in agreement with the literature [48]. The UV-vis spectroscopy curve of
the commercial F8BT material is presented in Figure S2 of the Supple-
mentary data. Solvatochromic measurements were performed to inves-
tigate the absorption and emission bands of the F8BT-M sample in
several solvents. For this purpose, the sample was diluted in nine
different solvents (acetone dichloromethane, dimethylformamide,
dimethyl sulfoxide, ethane, methanol tetrahydrofuran, toluene and
chloroform). According to this experiment, it was possible to note that
the absorption peak varies from 450 to 467 nm, and the emission peak
varies from 526 to 545 nm, depending on the solvent polarizability. In
addition, the Stokes shift is of the order of 75 nm.

The time-resolved fluorescence technique [70] was employed to
determine the F8BT-M fluorescence lifetime in chloroform solution. This
technique is based on excitating the samples and monitoring the fluo-
rescence signal perpendicularly to excitation. The third harmonic (343
nm) of an amplified femtosecond laser system (Pharos—Light Conver-
sion, 1030 nm, 190 fs, 7.5 kHz) operating at 300 Hz was employed to
excite the sample. The fluorescence signal is collected by a photode-
tector (800 ps of resolution) and acquired by a digital oscilloscope (3
GHz). More details of this technique can be found at [70-72]. The
sample present monoexponential decay of 3.0 & 0.3 ns (See Figure S3 of
the Supplementary data).

For the PFT copolymer, a n—xn* transition band has been reported
around 398 nm (in chloroform solution) [26]. For the PFT synthesized
without Aliquat 336, the absorption is found at 389 nm. For the mate-
rials synthesized in the presence of the phase transfer catalyst, PFT-M
and PFT-ME, the absorbances appeared at 397 and 399 nm, respec-
tively. A small redshift, around 10 nm, was observed in the PFT-ME
sample and may be related to the increase in the n conjugated system
due to the higher M,, [50].

The colors of the polymeric solutions in chloroform and their
respective emission in a darkroom under the excitation of a UV lamp are
demonstrated in the UV-Vis spectra shown in Fig. 8. In this way, it is
possible to predict the color that will be emitted by the PLEDs containing
these materials. In this sense, for the F8BT-M copolymer, there is a
yellowish-green emission, and for the PFT copolymers, the emission is
bluish-green, which corroborates the higher bandgap of PFT-ME. It is
believed that with a longer annealing treatment allowing the rear-
rangement of the polymer chains, the efficiency of this material could be

399
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The inset shows photos of the samples diluted in chloroform (1mg/3 mL) in a
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Fig. 9. Absorption and emission spectrum curves of the green copolymers films in chlorobenzene (a) F8BT commercial and F8BT-M (emission when excited at 460
nm) (b) PFT without Aliquat 336 and PFT copolymers of different molar masses (emission when excited at 400 nm). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Table 5

Photophysical and electrochemical properties of copolymers based on fluorene-alt-benzothiadiazole (F8BT-M) compared with commercial sample and fluorene-alt-

thiophene (PFT, PFT-M, and PFT-ME).

Entry UV-Vis in solution UV-Vis in film Ccv

AL, (nm) & (L/mol.cm) Afm (nm) pr, (nm) E? (eV)' HOMO (eV)” LUMO (eV)”
F8BT commercial 319; 450 - 320; 468 495; 573 2.35 —5.86 -3,51
F8BT-M 317; 451 100; 600 322; 468 497; 580 2.36 —5.86 —3.51
PFT 391 2920 404 432; 487 2.38 —5.62 -3.24
PFT-M 397 7240 410 435; 485 2.35 —5.59 —-3.24
PFT-ME 399 31260 412 431; 487 2.68 —5.64 —2.96

@ Estimated from the absorption onset collected from the UV-vis spectra of the films.
b Estimated from the cyclic voltammetry. Eyomo = —(4.8 + Eonser ®) [eV]. ELumo

increased. Fig. 9 shows the absorption and emission curves of the green
copolymer films in the solvent chlorobenzene. The data obtained are
presented in Table 5, where it is observed that the absorptions of the
polymeric films are shifted to greater lengths. The main absorption band
located at 468 nm for F8BT copolymers is associated with transitions of
n-n* electrons and n-delocalized electrons along the chain, mainly along
the fluorene unit (F8) [73-75]. The photoluminescence (PL) intensity is
around 573-580 nm and may be related to the recombination of lower
energy excitons from the excited state to the vibrionic ground state [67,
76].

Pal et al. [77] report for the PFT copolymer a maximum absorption of
390 nm in film form in THF, while its PL is observed at 470 nm. Saeki
et al. [78] report maximum absorption (Amgx) of 420 nm and Apy, of 469
nm in chloroform. The curves corresponding to the investigated novel
copolymers showed maximum absorption values of 404 nm for PFT, 410
nm for PFT-M and 412 nm for PFT-ME. Such values are associated with
the n—n* transition. The shift to longer wavelengths observed for the
films produced is due to the large n—= interaction of the condensed
matter.

The onset absorptions observed in the UV-Vis spectra were used to
calculate the Eg. This information is displayed in Figure S4 (Support
Information). The Eg can be deduced by extrapolating the spectral tilt
between 350 and 500 nm. The calculated values are presented in
Table 5. For comparison, it summarized the data reported by other au-
thors [48,79,80] for the F8BT copolymer (see Table S1- Supplementary
data).

Fig. 10 presents the voltammograms of the green emitting materials
reported here. Considering the parameters in Table 5 and the results
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= Enomo + Eg®" [eV]. EgP* = 1240/ (nm).

obtained for the commercial F8BT (Sigma Aldrich, M < 25000 g/mol),
the voltammetric data for F8BT-M were similar to the commercial
polymer and superior to those reported in the literature [48]. This
demonstrates that the present methodology led to the formation of an
F8BT copolymer with optimized properties, thus revealing its potential
as an emitting layer of green PLEDs.

The solvatochromic measurements for PFT-M and PFT-ME are shown
in Figure S5 (Supplementary data). Through these measures, the ab-
sorption peaks vary from 398 to 402 nm for PFT-M and from 401 to 411
nm for PFT-ME, according to the employed solvent. Regarding emission
peaks, PFT-M shows peaks from 502 to 548 nm, and PFT-ME presents
peaks from 502 to 534 nm. In addition, it is possible to note that the
Stokes shifts for these samples are around 100-140 nm. The fluorescence
lifetime was determined following the procedure of time-resolved
fluorescence already described. For PFT-M and PFT-ME, the time
decay is of the order of 800 ps, which limits the resolution of the
employed experimental apparatus.

The methodology for synthesizing PFT was similar to that of Chen
et al. [81]. The PFT copolymer was expected to have a similar optical
feature. These can be seen in Table S2 (Supplementary data), as well as
the values reported by Pal et al. [13] for the fluorene-thiophene
copolymer.

As observed in Table 5, for the fluorene-thiophene materials syn-
thesized under the same reaction time, without PFT and with Aliquat
336, PFT-M, the bandgap and HOMO/LUMO values were similar and
higher than that reported by Chen et al. [81]. However, when synthe-
sized in a longer reaction time, the bandgap presented a value of 2.68
eV, which is very near to that found by Pal et al. [13], whose value was



E.B. de Brito et al.

Journal of Materials Research and Technology 28 (2024) 4317-4333

(A) 0,8
— Blank 0,6
—— F8BT - commercial —— Blank
0.6+ 1 ——F8BT-M
0,4-
< 0,4 .
E <
= E 02
S Eonset:l'56VAg/AgCl = onmet " Ag/AC
O 00 3 00
-0,2- -0,2
00 04 08 12 16 20 24 00 04 08 12 16 20 24
Voltage (V) vs. Ag/AgCI Voltage (V) vs. Ag/AgCI
(€) 0,8
—— Blank (D) 0,6
1 ——PFT —— Blank
0,6 1 ——PFT-M
0,4-
< 0,4 —_
e <
= E o02-
C 0,2 —
o s =
£ B =132V, o E =129V,
O 0,0 — /. 8 0,0 F=——— /-
-0,2 1 -0,2-
00 04 08 12 16 20 24 00 04 08 12 16 20 24
Voltage (V) VS. Ag/AgCI Voltage (V) vs. Ag/AgCI
(E) 3,5
|—Blank
3,0{—PFTME
2,5
Z ]
é 2,0
= ]
g 1o
8 110_
054
1 Eonset =134 VAgAgCl
0,OI & 1 " I s 1 7' 1 A 1 s 1
0,0 0,4 0,8 1,2 1,6 2,0 2,4

Potential (V) vs. Ag/AgCl
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this figure legend, the reader is referred to the Web version of this article.)
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Table 6
Characteristics of PLEDs containing green light emitting copolymers as an
electroluminescent layer.

Journal of Materials Research and Technology 28 (2024) 4317-4333

3.6. Electroluminescence characteristics

By employing synthesized copolymers such as F8BT-M, PFT, PFT-M,

EL layer AL (m) Ve Limax €4/ Neurr CIE (x,y) and PFT-ME, a PLED device was constructed following the glass-ITO/
W) m?) (mcd/A) PEDOT:PSS/PVK/Copolymer/Ca/Al configuration. A similar device
FSBT 521.5 4.0 210 (6.8 554(5.6  (0.3210; was prepared for comparison with the commercial F8BT copolymer, a
(commercial) (7.0 V) V) V) 0.6539) material with a well-known response, used as a reference [49,83]. The
F8BT-M 522.8 4.8 327(9.0 1326 (0.3203; current-voltage-luminance curves are shown in Figure S7 (Supplemen-
©0V) V) (7.4V) 0.6563) tary data), and the parameters extracted from these curves are listed in

PFT-M 505. 5 4.6 54 (9.8 13.4 (6.0  (0.2305; R
10.0 V) v V) 0.466) Table 6. The complementary HTL layer of PVK was solubilized in THF,
PFT-ME 489.0 4.8 168 19.75 (0.1998; while the electroluminescent layers were in chlorobenzene. The thick-
(1z.ov) @122v)  (11.2V) 0.3865) ness of each single polymer emitting layer deposited by spin-coating

2.81 eV. Several factors influence the bandgap: (i) bond length alter-
nation energy; (ii) aromatic resonance energy; (iii) twist angle; (iv)
substituents; and (v) intermolecular interactions. Thus, incorporating
thiophene portions in the polyfluorene structure allows the preparation
of adjustable electroluminescent materials [28,82].

Table 5 also shows the extinction coefficients of the PFT copolymers
synthesized at maximum absorption. It can be seen that greater values
were achieved as the M, increased and, consequently, the chain
conjugation length increased. Plots of the extinction coefficient as a
function of the wavelength are shown in Figure S6 of the Supplementary
data.

from chlorobenzene solutions was about 60 nm, as estimated with a
Dektak profilometer.

The commercial F8BT showed a characteristic band in the EL spectra
centered on the wavelength of 521 nm, whereas for the F8BT-M sample,
the EL maximum is centered at 522 nm (Fig. 11). In both cases, the main
emission band shows an increase in electroluminescence intensity when
increasing the applied voltage from 5 to 9 V, which is similar to that
reported by Zhong et al. [64], who developed a PLED device with the
following configuration: ITO|PEDOT PSS|PVK (40 nm)|polymer (80
nm)|CsF (1.5 nm)|Al (110 nm). It is similar to the present work, using a
layer of PVK on top of the PEDOT:PSS layer, which was intended to
improve the transport of holes to the active layer [64].
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Fig. 11. EL spectra for the PLEDs: glass-ITO/PEDOT:PSS/PVK(commercial)/F8BT commercial or F8BT-M/Ca/Al.
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Fig. 12. EL spectra for the PLEDs: glass-ITO/PEDOT:PSS/PVK(commercial)/PFT-M or PFT-ME/Ca/Al.
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Fig. 13. CIE chromaticity coordinates for the PLEDs composed of glass-ITO/
PEDOT:PSS/PVK/F8BT commercial, F8BT-M, PFT-M, or PFT-ME/Ca/Al.
These coordinates were obtained at the point of maximum luminance of
each sample.

The EL profile of these samples resulted in emitted light with chro-
maticity coordinates of (0.3210; 0.6539) for commercial F8BT and
(0.3203; 0.6563) for F8BT-M. Thus, the color emitted by both diodes
was green. Overall, it was observed that the synthesized F8BT sample
presents an emission similar to the commercial copolymer and is anal-
ogous to that reported in the literature [64,67]. However, it reaches
even higher values of maximum luminance (Lyay) and current efficiency
(Neurr) than the PLED containing the commercial sample evaluated in the
same conditions, as displayed in Table 6.

The results of the green emitting device of F8BT-M can be compared
to the work developed by Azevedo et al. [49] since they used the same
type of device structure. Their device containing F8BT showed a turned
on voltage of 6 V and reached a maximum luminance of 123 cd/m? (at
9V). In contrast, the present device with F8BT-M had a turn-on voltage
of 4.8 V and L,y of 327 cd/m? (at 9V). It is noteworthy that the M, of
the F8BT material by Azevedo et al. [49] was around 22000-24000
g/mol, whereas F8BT-M with the use of Aliquat 336 has an M;, of 32000
g/mol, thus indicating that the molar mass probably influenced the
electrical properties of the device. The higher drive voltage for the
synthesized F8BT-M copolymer (4.8V) is associated with the greater
roughness found for this film, possibly generating a greater energy
barrier. Therefore, higher energy was needed to break it.

PFT copolymers have been the object of study because they present
tunable EL when thiophene and thieno-arene groups are used in the
main chain of the polymer [84-86]. In this way, the characteristics
achieved for our investigated devices with different physicochemical
properties from each other demonstrate the efforts to achieve charac-
teristics superior to those already reported in the literature [77,78,87]. It
also revealed their potential for the field of photonics. PLEDs were
assembled with the following configuration: ITO/PEDOT:PSS/PVK/PFT,
PFT-M, or PFT-ME/Ca/Al to investigate and compare the synthesized
PFT copolymers.

The electroluminescence spectra of our novel PFT-based copolymers
are shown in Fig. 12. It is possible to observe a single EL band centered at
505 nm for PFT-M and 488 nm for PFT-ME. These bands showed an
electroluminescence intensity that rose when the applied voltage
increased from 7 to 13 V. The current-voltage-luminance curves ob-
tained for such devices are shown in Figure S5 (Supplementary data).

The PFT-based PLED did not show a measurable response using the
available measurement setup. Therefore, no results from this PLED were
obtained in the present work. This aspect may be related to the low M,
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for PFT (3870 g/mol), which leads to poor film formation, as well as low
solubility in chlorobenzene, resulting in thicknesses of less than 10 nm
[88,89]. For the other devices, made with copolymers synthesized under
the action of this phase transfer catalyst (PFT-M) and the one performed
in the dark (PFT-ME), the results extracted from the characterization of
the respective PLEDs are shown in Table 6. The data obtained for PFT-M
were similar to that reported in the literature [90], reaching a maximum
luminance of 54 cd/m? at 9.8 V.

As observed in Table 6, the material with the highest molar mass,
PFT-ME, presented optimized electrical properties since the luminance
achieved was almost 3 times greater than the sample synthesized in a
shorter time and under light, with a trigger voltage similar to that of
PFT-M. The EL profile of the PLED containing the PFT-M sample and the
dark synthesized sample (PFT-ME) resulted in emitted light chroma-
ticity coordinates of (0.2305; 0.466) and (0.1998; 0.3865), respectively,
as can be seen in Fig. 13. The color of the light emitted by the PFT-M
device was green, whereas that for the PFT-ME device was greenish-
bluish. The synthesized PFT-M material presented a green light emis-
sion similar to that of the copolymer reported in the literature [90].

As for the F8BT-M polymer, the M,, obtained was higher than those
mentioned in the literature [33,48], as well as higher than that of the
commercial sample. This characteristic is possibly related to the
improvement of electroluminescent properties when this material was
used as an active layer in the light emitting device, compared to the
commercial sample, showing a Liy,x of 327 ¢d/m? and current efficiency
of 132.6 mcd/A, as seen in Table 6.

In view of this improvement in the properties of the F8BT-M device,
future optimizations can be carried out based on molar mass and
coupling syntheses and/or substitutions in order to transform this
copolymer into a polyelectrolyte or a functionalized copolymer [55,91,
92] and also use it as an ETL for light-emitting devices. However, the
results obtained so far serve as a guide for future work with this material.

The higher performance of PFT-ME is also closely related to its
higher M,y (see Table 1) achieved through the action of the Aliquat 336
interface agent and a longer reaction time. The properties of the
assembled devices revealed that this material was the one that could
emit more light in the PFT-based copolymer series, presenting a Lyax of
168 cd/m?>. Thus, their electrical properties have been shown to follow
the improvements of the reaction medium used in the copolymer
synthesis.

The thicknesses of the PFT copolymer films obtained by profilometry
(see Fig. S8 of the Supplementary data) in the chlorobenzene solvent
were less than 10 nm. As the electroluminescent properties are also
dependent on thickness, they can, therefore, be improved by using
another solvent to form the films, such as Toluene, in order to obtain
thicknesses greater than 35 nm and, which might be associated with a
better balance of charges [93,94].

4. Conclusion

In this work, fluorene-benzothiadiazole and fluorene-thiophene
based four green light-emitting polymeric materials, named F8BT-M,
PFT, PFT-M, and PFT-ME, were successfully synthesized. It was
observed that the reactions that contained the phase transfer catalyst
Aliquat 336 allowed for optimizing the results for the copolymers,
achieving greater thermal stability, with initial degradation temperature
above 415 °C, high molar masses, and lower dispersity.

When these materials were employed in light-emitting devices, it
was observed that elevating the molar mass of commercial resulted in
higher luminance output from the device. F8BT-M (M, > 32000 g/mol).
A polymer synthesized in the presence of Aliquat 336 presented a L,y of
327 cd/m? compared to 210 cd/m? of commercial F8BT (M, < 25000 g/
mol).

The polymer light emitting device (PLED) assembled with PFT did
not present any optical-electrical signal detectable with our setup.
However, the PFT-M and PFT-ME samples, both synthesized in the
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presence of Aliquat 336, revealed maximum luminances around 54 and
168 cd/m? respectively. The phase transfer catalyst agent was para-
mount in optimizing the synthesis conditions that directly influenced the
properties of the materials and devices. According to the chromaticity
diagram, all PLED devices showed the emission of green light, although
with different green shades. Even though the results are not much sig-
nificant, they demonstrate that the synthesis of copolymers and the
optimization of the reaction medium are sufficient to change the pho-
toelectric properties. Indeed, they can be improved with the use of
dopants or the construction of more elaborate devices with blocking
layers of electrons and holes, as well as the use of enhanced carrier in-
jection layers.
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