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Electrosynthesized polyfluorene-based conjugated polymers (PFs) have been extensively researched
since their discovery owing to their excellent fluorescence properties and one step fabrication process.
However, most polyfluorenes have been obtained under high polymerization potentials over 1.2 V vs.
Ag/AgCl, resulting in inevitable overoxidation and structural defects of the deposited polymer films,
and thus imposing instability and long-term deterioration in optoelectronic properties. Herein, by the
employment of a fused 9,9'-bifluorenylidene (BFY) as the initial monomer and boron trifluoride
diethyl etherate (BFEE) as both the solvent and supporting electrolyte for the electropolymerization,
we successfully achieved the low potential electrodeposition of a novel polyfluorene film for the first
time at 0.9 V vs. Ag/AgCl. We demonstrate that the polymerization mechanism of BFY occurs
dominantly at the 2,7 positions of the fluorene unit and forms an interconnected network of
polyfluorene segments. The electropolymerization of BFY displays a sphere-type deposition process to
produce a surface morphology of nanosphere clusters. We further explore the thermal degradation and
electronic property evolution from monomer BFY to the deposited polymer, and find that the polymer
exhibits a 100 nm-red shift in electronic absorption and significantly enhanced fluorescence intensity
with a high quantum yield up to 0.78.
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1. INTRODUCTION

With the development of electroactive and photoactive materials over the last two decades,[1-3]
polyfluorene-based conjugated polymers (PFs) (Scheme 1) have received a great deal of attention as
one of the most important blue light-emitting materials.[4-8] For the preparation of such materials,
electrochemical polymerization is an effective method to achieve high-performance polyfluorenes
owing to several advantages such as one-step film electrodeposition without using catalysts/oxidants,
ease of fabricating electronic devices/sensors, free of complex materials processing procedures, and so
on.[9.10] Previously mono- and di-substituted PFs (Scheme 1) at C-9 position with different kinds of
functional groups have been synthesized via electropolymerization and their photoelectronic properties
have been investigated in detail.[11-14] However, most electropolymerized polyfluorenes have been
obtained under high polymerization potentials over 1.2 V vs. Ag/AgCI, resulting in inevitable
overoxidation and structural defects of the deposited polymer films, and thus imposing instability and
long-term deterioration in optoelectronic properties.

Electrolytes are proved to significantly influence the electropolymerization process and
performances of electrosynthesized PFs films. Previously reported PFs films electrosynthesized in
common organic solvents are usually unstable, brittle and insoluble, ascribed to the excessively high
applied potential which can destroy the conjugated structures of polymers.[15-20] From the materials
development perspective, reducing the onset oxidation potential is a crucial factor for achieving high-
performance polymer films via electropolymerization. Our group[21,22] previously reported a variety
of high-quality PFs polymers, which are obtained via the electropolymerization in pure boron
trifluoride diethyl etherate (BEFF) or mixed solvent systems of BFEE and traditional solvents
(Scheme 1). These homopolymers show reversible redox activity, outstanding electroactive and
thermal stability, and excellent blue to green light-emitting properties. Therefore, BFEE is an superior
electrolyte-solvent system for electropolymerization.[23] In the previous studies,[10,13,16,17,] the
emphasis of PFs is the modification of C9-site with saturated alkanes groups, carboxylic acids,
alcohols, and halogen atoms (Scheme 1), but no studies have been devoted to the
electropolymerization of fused fluorene derivatives and the properties of as-formed PFs.
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Herein, we study the electropolymerization of 9,9'-bifluorenylidene (BFY), a fused fluorene
derivative with larger conjugated structure, planarity in BFEE. Its polymer, poly(9,9'-bifluorenylidene)
(PBFY), is successfully achieved for the first time under optimized electrical condictions. The
electropolymerization behavior of BFY, and the structure characterizations, surface morphology,
optical properties, thermal stability, together with the fluorescence performances of PBFY, are studied
and discussed in detail.

2. EXPERIMENTAL SECTION

2.1 Chemicals

9,9'-Bifluorenylidene (BFY, 99%; Acros Organics) was employed as the initial monomer and
was used directly without any purification. BFEE (1.12~1.14 g mL™', BF; = 48.24%; Acros Organics)
was used as both the solvent and supporting electrolyte for the electropolymerization and was distilled
under a nitrogen atmosphere before use. Dichloromethane (CH,Cl,, 99.9%, superdry, with molecular
sieves, J&K) was used as the solvent for the electropolymerization and used directly without any
further treatment. Tetrabutylammonium tetrafluoroborate (BusNBF4, 99%, Energy) was dried under
vacuum at 60 °C for 24 h before use. ITO-coated glass (ITO-P005, Ry, < 15 Q/[1) was purchased from
Zhuhai Kaivo Co., Ltd.

2.2 Characterization

The Bruker Vertex 70 Fourier-transform Infrared (FT-IR) spectrometer was used to record the
structures of the monomer and polymer. The surface morphology of the dedoped/doped polymer film
deposited on the ITO-coated glass was investigated via a VEGA II-LSU scanning electron microscope
(SEM, Tescan). The UV—vis spectra of the BFY and PBFY in CH,Cl, were obtained by employing a
Perkin-Elmer Lambda 900 Ultraviolet-visible Near-Infrared spectrophotometer. Fluorescence spectra
in CH,Cl, were recorded by an F-4500 fluorescence spectrophotometer (Hitachi) with the excitation
and emission slit set at 5 nm. Thermogravimetric analysis (TGA) was performed with a Pyris Diamond
TG/DTA thermal analyzer (Perkin-Elmer) at the heating rate 10 °C min™' under nitrogen atmosphere.
The DFT calculations of the molecular geometries and frontier molecular orbtial distributions (HOMO
and LUMO) of 9,9'-bifluorenylidene were carried out by using the Gaussian 09 program package
under the B3LYP/6-31G(d, p) level.

2.3 Electrosynthesis and electrochemical tests

All the electrochemical experiments were controlled under Model 263A potentiostat-
galvanostat (EG&G Princeton Applied Research) with the potential scan rate of 100 mV s™'. In order to
eliminate the effect of oxygen, the electrolyte system was bubbled by nitrogen for 30 min before
experiments. Pt wires (diameter: 1 mm) were used as working and counter electrodes, and the
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reference electrode was an Ag/AgCl electrode (diameter: 1 mm). In order to obtain enough polymers,
the ITO-coated glass sheet (2 x 1.5 cm?) was used as working electrode and Pt sheet (2 x 2 cm?) was
employed as the counter electrode. The polymer film was grown potentiostatically at the optimized
potential in BFEE and the thickness was controlled by the total charge passed through the cell, which
can be read directly from current-time (I-t) curves. After polymerization, the polymer film was washed
repeatedly with CH,Cl, to remove the electrolyte, monomer, and oligomer.

3. RESULTS AND DISCUSSION

3.1 Electrochemical polymerization of 9,9"-bifluorenylidene

The electropolymerization performances of BFY in CH,Cl,-BusNBF4 (0.1 mol L'l) and BEEF
have been investigated (Fig. 1). The onset oxidation potential of BFY in CH,Cl,-BusNBF, is
approximately at 1.25 V vs. Ag/AgCl (Fig. 1a), which is consistent with the previously reported
results.[21,24] During the cyclic voltammetry scanning, neither obvious redox waves nor polymers can
be observed on the working electrode (Fig. 1A), indicating that the electropolymerization of BFY is
impossible in CH,Cl,-BusNBF; (0.1 mol L") because of its high onset oxidation potential. Therefore,
the CH,Cl,—BusNBF, electrolyte is not the right choice for the electropolymerization of BFY.
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Figure 1. Cyclic voltammograms of 0.01 mol L™ BFY in CH,Cl>-Bus;NBF4 (0.1 mol L™) (A) and in
BFEE (B). Inset: Anodic polarization curves of 0.01 mol L™ BFY in CH,Cl,-BusNBF; (0.1 mol
L™ (a) and in BFEE (b). Potential scan rate: 100 mV s,

Considering its catalytic effect on the decrease of the onset oxidation potentials for aromatic
compounds,[25-27] BFEE was chosen as both the solvent and electrolyte (without any other additives)
for the electropolymerization of BFY. The onset oxidation potential of BFY is obviously reduced to
0.70 V vs. Ag/AgCl (Fig. 1b), much lower than that in CH,Cl,-BusNBF, (0.1 mol L™ (1.25V), due to
the interaction between the BFEE and aromatic BFY monomer. Generally speaking, the monomer with
high onset oxidation potential is quite difficult to electropolymerize and even leads to some side
reactions in the electropolymerization process, such as overoxidation.[28] Moreover, the redox peak
current densities increasing with the successive potential scanning process (Fig. 1B), indicating that
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the polymer film increased simultaneously on the surface of the working electrode. Meanwhile, the
redox peaks become broad, which can be attributed to the improvement of the polymer quality and the
elongation of the polymer chains.

3.2 Optimization of electrochemical conditions and preparation of PBFY

The electrochemical conditions such as polymerization potentials applied in the
electropolymerization process directly affect the structure and properties of as-formed polymer
film.[29] In order to find the optimal applied potential, a set of current transients at different applied
potentials in BFEE have been investigated (Fig. 2). Below the onset oxidation potential, no polymers
are deposited on the surface of the electrode, whereas too high potential will result in the overoxidation
of the polymers, making them easily fall off the working electrode. By considering various factors
including the regularity of the polymers, film adhesion on the working electrode, and polymerization
rate and side reactions, the optimal applied potential of the BFY in BEFF is chosen as 1.0 V vs.
AQ/AQCI. Thus, the following characterization tests of the polymer film are carried out under the
constant potential. Under the optimal applied potential of 1.0 V vs. Ag/AgCl, the electropolymerization
rate is moderate (Fig. 2), which might effectively avoid the oxidation and control the thickness of the
polymer film. Also, the film obtained is smooth and homogeneous. The onset oxidation potential and
the optimal applied potential of the BFY is lower than the parent structure of fluorene, resulting from
more delocalized conjugated structure and planarity.
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Figure 2. Chronoamperograms of 0.01 mol L' BFY in BFEE on Pt electrode at different applied
potentials.

3.3 DFT theoretical calculations

The optimized geometry and HOMO and LUMO orbital distribution of the monomer, together
with the electron spin density (ESD) for BFY radical cation are calculated by DFT calculations, as
depicted in Fig. 3. It can be seen that most of the highest occupied molecular orbital (HOMO) are
concentrated on C(2) and C(7) positions of the fluorene rings in BFY structure. Electron spin density
of its radical cation demonstrates that the most active sites of the radical cation are also the C(2) and
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C(7) positions of the fluorene rings. According to the molecular orbital theory and the radical cation

mechanism for electropolymerization, the polymerization reaction among BFY monomers happens
preferentially at these positions.
Optimized geomery HOMO

ESD

Figure 3. Optimized geometry and HOMO-LUMO distribution of BFY and electron spin density
(ESD) for the corresponding radical cation.

3.4 Structural characterization

FI-IR spectra (Fig. 4) have been studied to explain the electropolymerization mechanism of
BFY. The absorption peaks of the PBFY are obviously wider than those of BFY due to the longer
conjugated chains of the polymers.[22] The absorption peaks from 1704 to 1610 cm™ are attributed to
the C=C stretching vibration of BFY (Fig. 4A). In the near-infrared region (1730~1597 cm™, Fig. 4B),
a large amount of vibrational peaks of PBFY are observed. The C-H wagging vibration on the
aromatic rings of the PBFY is extended to 1447~666 cm™. BFY display three peaks in 768-708 cm™,
demonstrating the existence of the 1,2-disubstituted phenyl ring.[30,31] For PBFY, these peaks shift to
918-811 cm‘l, which are characteristic for the 1,2,4-trisubstituted phenyl ring. From these results, we

can find that the polymerization of BFY dominantly happens on 2,7 positions of the fluorenyl rings, in
good agreement with DFT calculation results.
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Figure 4. FI-IR spectra of BFY (A) and dedoped PBFY (B).

Due to the symmetrical structure of the BFY monomer, there may be four different polymeric
structures: linear polymers with pendant monomer (Scheme 2a), a ladder polymer (Scheme 2b), linear
polymers (Scheme 2¢) and reticular polymer via randomly bridged method (Scheme 2d). These four
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kinds of polymer bridging structures can be obtained at low voltage through the -catalytic
polymerization of the BFEE. Considering the steric hindrance and the FT-IR results, the reticular
polymer structure is the most reasonable way for the electropolymerization of BFY to form a
interconnected network.
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Scheme 2. Formation of different polymeric structures from precursors via electropolymerization in
BFEE solution containing 0.01 mol L™ BFY.

3.4 Morphology of the PBFY film

Surface morphology, which is closely related to the optical and electronic properties and
usually investigated via scanning electron microscope (SEM), is a significant performance of the
polymers. In this work, the surface morphology of the PBFY film deposited on the ITO glass have
been investigated (Fig. 5). There is an obvious difference between the doped (Fig. 5A) and dedoped
(Fig. 5B) PBFY film. Concretely, under the doped state, the PBFY film shows sphere-type growth
processes whereby a number of clusters (Fig. 5A). This growth mode is a feature of stronger
interactions between deposited molecules than between the film and substrate.[32] This morphology
facilitates the immigration/emigration of counter anions, which is in good consistence with the redox
activity of PBFY film. Note that the spheres of the dedoped PBFY film (Fig. 4B) are partially
destroyed, probably resulting from the moving in/out of counter anions and the gradual solubility of
PBFY film during the doping-dedoping processes. Compared with the surface morphology of the
polyfluorene, PBFY film display a more smooth and homogeneous morphology. We hypothesize that
the spatial connectivity of PBFY is most likely the network or the ladder rather than the linear type
(Scheme 2). In term of this case, PBFY polymers with this structure can be used as new carriers in
other fields, such as biology and catalysis.
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Figure 5. SEM images of doped (A) and dedoped (B) PBFY film deposited on the ITO electrode.

3.5 Thermal properties of PBFY

The thermal gravimetric analysis (TGA) with the temperature changes from 300 to 1000 K has
been recorded to investigate the degradation behavior of PBFY (Fig. 6). At low temperature (T < 400
K), PBMY initially loss weight about 0.2%, mainly due to the escape of the water vapor in the
polymer. During the temperature changed from 430 to 700 K, the weight of the polymer is rapidly
reduced by 70%. Meanwhile, the DTG curve of the polymer show the corresponding maximal
decomposition at 470 and 600 K, attributed to the oxidizing decomposition of skeletal chain structure
of the polymer. The weight loss after 700 K is closely related to the overflow of some structural
fragments decomposed from PBFY previously. This is in good accordance with previous hypothesis
for the interconnected network structure of PBFY, which is easily degraded into low molecular

segments and flows out upon heating.
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Figure 6. TG and DTG curves of PBFY.

3.6 Optical properties

The UV-vis spectra of the BFY and PBFY in CH,Cl, have been investigated (Fig. 7). An
obvious and characteristic absorption peak of BFY at 350 nm can be observed (Fig. 7A) from the n—m*
transition of the aromatic rings. Compared with BFY, the absorption peak of PBFY is distinctly
broadened and red-shifted to 460 nm (Fig. 7B and 7C), producing a 110 nm red shift. This is mainly
attributed to the longer conjugated chains of PBFY compared to monomers.[33] These results confirm
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that the occurrence of the electrochemical polymerization among the monomers and the formation of
the conjugated polymers with broad molar mass distribution. Interestingly, the absorbance intensity of
doped PBFY is stronger than that of dedoped state, which also supported the different surface
morphology at different doped states.

Absorbance
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Figure 7. UV-visible spectra of BFY monomer (A), doped (B) and depoed (C) PBFY in CH,Cl..

The fluorescence spectra of the BFY and PBFY in CH,Cl, have been carefully determined
(Fig. 8). Interestingly BFY display no light-emission in CH,Cl, in the range of 380-800 nm. This
phenomenon is resulting from the tendency of BFY monomer to form stable free-radicals upon
excitation. In contrast, a strong and wide peak centered at 480 nm characterize the emission spetrum
of PBFY due to the prolonged m-conjugated structures. Interestingly, the precipitated oligo-/polymers
in electrolyte system after electropolymerization display no light-emitting properties in both Et,O and
CH,Cl, (Fig. 8A & B), ascribed to the ionized oligo-/polymers to form stable free-radical or ionic
species. However, the electrosynthesized polymers peeling off the working electrode can emit strong
and bright opalescent photoluminescence (exposed to the 365 nm UV light, Fig. 9C & D) with a very
high quantum yield of 0.75 in Et;O and 0.78 in CH,Cl, (Fig. 9D). With these excellent fluorescence
properties, PBFY can be a good candidate for utilization in energy saving lamp, polymer light-emitting

diodes, fluorescent chemosensors, and so on.
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Figure 8. Photoluminescence and fluorescence spectra of BFY (A) and PBFY (B) in CH,Cl.
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Figure 9. Photoluminescence of the precipitated oligo-/polymers extracted with Et,O (A) and
successively with CH,Cl, (B); Photoluminescence of the electrosynthesized polymers peeling
off the working electrode extracted with Et,O (C) and successively with CH,Cl, (D).

4. CONCLUSION

In this work, PBFY has been obtained for the first time via low potential electropolymerization
with a fused fluorenyl monomer BFY and boron trifluoride diethyl etherate as both the solvent and
supporting electrolyte at 0.9 V vs. Ag/AgCl. We demonstrate that the polymerization mechanism of
BFY occurs dominantly at the 2,7 positions of the fluorene unit and forms an interconnected network
of polyfluorene segments. The electropolymerization of BFY displays a sphere-type deposition process
to produce a surface morphology of nanosphere clusters. We further explore the thermal degradation
and electronic property evolution from monomer 9,9'-bifluorenylidene to the deposited polymer, and
find that the polymer exhibits a 100 nm-red shift in electronic absorption and significantly enhanced
fluorescence intensity with a high quantum yield up to 0.78. This material holds promise as the
candidate for blue light-emitting materials and organic electronic devices.
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