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Abstract

A set of anthracene containing polyfluorenes (PFs) having 9,10-diphenylanthracene with alkyl substituents and aniline
containing fluorenes were prepared. Commonly, light-emitting polymers were synthesized using expensive palladium-like
catalysts. In the present work, palladium was replaced by copper as a cost-effective PF synthesis catalyst, which is also
suitable for large-scale polymer synthesis. Synthesized PFs emit light in the blue region with a bandgap of 2.87-2.90 eV.
Thermally stable PFs had a decomposition temperature of more than 305°C and a glass transition temperature of
125—138°C. PFs were soluble in organic solvents and had a molecular weight of around 21,700-25,500. The electrochemical
study of these PFs showed low level of highest occupied molecular orbital (HOMO) energy of —5.16 to —5.26 eV, which was
significantly higher than that of PF (5.7 eV). These findings suggested that the resulting PFs could be used as a component of

the light-emitting diode.
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Introduction

After the first discovery of luminescence in poly (para-phe-
nylenevinylene),' significant research has been done on the
development of conjugate materials for display applica-
tions. Conjugated polymers have found wide-ranging appli-
cations because of their advantages, such as large-scale
electronic devices, low cost and lightweight.”” In the past
few years, the exponential growth of luminescent polymers
has opened new doors for conjugated polymer synthesis.
Owing to the increased use of transition-metal catalysis, the
polymer systems, which were difficult to synthesize, are
now possible in recent years. Palladium® ¢ is the commonly
used metallic catalyst for the synthesis of conjugated poly-
mers. Nickel'”™" and rhodium®®?? are a few other exam-
ples of the transition metals used for the synthesis of
conjugated polymer. The use of copper for polymerization
was not explored although it was the oldest transition metal
that was used as the catalyst. Copper-catalyzed polymeriza-
tion is a good method, as this does not involve organome-
tallic monomers otherwise needed for conventional
palladium-involved cross-coupling reactions. This not only
reduces the number of steps involved but also reduces the
unwanted metal waste generated after synthesis of

polymers. Reducing the number of steps makes this method
more economical and eco-friendly.?*-** Hence, in this work,
we explored low-cost synthesis of conjugated polyfluorenes
(PFs) using Ullmann coupling catalyzed by copper.

The reason for selecting PFs was that over the past few
years, PFs have proven promising for their use as blue
light-emitting diodes (LEDs). Due to its strong photolumi-
nescence (PL) quantum yields, and large bandgaps, PFs as
emitters are of particular importance.>> 2’ Nevertheless,
their key concern is the low-wavelength emission obtained
due to their propensity to decompose structurally over time
at higher temperature in solid state, which induces color
instability when integrated into the LEDs.**2° Interestingly,
substituting aryl groups at fluorene’s C-9 position not only
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Figure |. Synthesis of FDA. FDA: 4,4'-(2,7-dibromo-9H-fluorene-9,9-diyl) dianiline.

improves solubility but also enables the challenge of stabi-
lity to be solved and decreases interchain interactions, which
improves both the optical and electronic properties of poly-
mers.’® Arylamines are commonly used as a hole-
transporting material in LEDs.?' > Previous reports show
that substituting triarylamine moieties at the 9-position of
fluorene-based polymers results in good quantum efficiency
and low ionization potential.>¢-”

Furthermore, anthracene derivatives have also found a
wide variety of uses in chemical, photographic, and medical
applications.*®™*! Provided their excellent stability and
fluorescence, anthracene-based compounds are commonly
used in organic light-emitting diode (OLED) applications.*?
Recently, thermally activated delayed fluorescence and
OLED efficiency enhancement experiments via triplet
fusion have generated even more interest in anthra-
cenes.*>™*> Although the use of triphenylamine as
blue-emitting materials has been documented, the use of
phenylamine substituted fluorene moiety and 9,10-
diphenylanthracene (DPA) as copolymers emitting in the
blue region is not known to our knowledge. Therefore, our
aim was to use Ullmann coupling to synthesize copolymers
emitted in the deep blue region.>*** We also emphasize the
low-cost copper-catalyzed synthesis of polymers with rela-
tively high molecular weight and strong thermal and optical
properties.***®

Experimental procedure

Materials

Chemicals were obtained from SD Fine Chemicals Limited
(Mumbai, Maharashtra, India) and Sigma Aldrich (Mumbai,
Maharashtra, India). 2,7-Dibromo-9H-fluorene, aniline,
magnesium, p-bromo anisole, 2-methyl anthraquinone, 2-
ethyl anthraquinone, 2-tert butyl anthraquinone, boron tribro-
mide, copper iodide, picolinic acid, and ferrocene were
obtained from Sigma Aldrich. Methanesulfonic acid, stan-
nous chloride, sodium sulfate, tetrahydrofuran, silica gel, and
bromobenzene were obtained from SD Fine Chemicals Lim-
ited. All reactions were performed in dry conditions in the
presence of nitrogen for moisture-sensitive compounds. Sol-
vents have been purified by the methods reported.

Spectroscopic-grade tetrahydrofuran (THF) was used in
absorption and emission studies. 2, 7-Dibromofluorenone
was synthesized using the reported method.*’

Characterization

A Bruker (Switzerland) nuclear magnetic resonance
(NMR) spectrometer (AMX-300) was used to record NMR
spectra with tetramethylsilane as the internal standard.
Spectrophotometer of the Perkin-Elmer (USA) 1600 series
was used to record Fourier transform infrared (FTIR) spec-
tra. LS55 luminescence spectrometer was used to record PL
spectra. Thermogravimetric experiments were conducted
on the Perkin-Elmer thermal analyzer under the nitrogen
atmosphere. X-ray diffractogram was obtained using the
Shimadzu XRD-7000 X-ray diffractometer with Cu (K,)
(A=1.542 10\). Polymer molecular weight was determined
using a Perkin Elmer 200 GPC series. THF was used as a
solvent and polystyrene were utilized as the standard for
calibration. Cyclic voltammetry (CV) was recorded on an
ADC 164Autolab, and 0.1 M tetrabutylammonium hexa-
fluorophosphate was used as the supporting electrolyte dis-
solved in CH,Cl,. Glassy carbon was used as the working
electrode. Along with internal standard Ferrocene/ferroce-
nium (Fc/Fc+), Pt and Ag/AgCl electrodes were also used
as counter and reference electrodes, respectively.

Monomer and polymer synthesis

Synthesis of 4,4'-(2,7-Dibromo-9H-fluorene-9,9-diyl) dianiline)
(). 4,4'-(2,7-Dibromo-9H-fluorene-9,9-diyl) dianiline) (I)
(FDA) was synthesized using a procedure reported.*®*%°
The general reaction scheme is shown in Figure 1.

Proton nuclear magnetic resonance ('"H NMR) (300
MHz, CDCly): 6 = 7.53 (d, 2 H), 7.43 (m, 4 H), 6.92 (d, 4
H), 6.56 (d, 4 H), 3.63 (s, 4 H). Carbon-13 nuclear magnetic
resonance (*C NMR) (75 MHz, CDCly): § = 64.26, 115.01,
120.41, 121.69, 128.95, 129.27, 130.52, 134.4, 137.83,
145.32, 145.66, 154.15. IR (cm™'): 3452-3338 (N-H,
stretching), 3032 (C—H, stretching), 1618 (N-C, bending),
and 1051 (C-Br stretching). MS m/z calculated for
C,5HgBr,N, 506.2; found 507. Analysis calculated for
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Figure 2. Synthesis of 2-alkyl-9,10-di(p-hydroxyphenyl) anthracene.

C,sH;sBroN»: C, 59.29; H, 3.61; N, 5.55. Found: C, 59.32;
H, 3.53; N, 5.52%.

Acene containing monomer (ll). The alkyl-substituted 9,10
DPA (II) has been synthesized according to the literature
reports.’' > Figure 2 and Figure S1 show the reaction
scheme and the experimental procedure for the synthesis
of the acene monomers (IT).*¢*®

Polymerization. The copolymerization of monomer I with
monomer II was performed to obtain the desired PFs using
copper iodide as a catalyst.’® Figure 3 shows the polymer-
ization reaction. For polymer synthesis, in dry flask picoli-
nic acid (55 mg, 0.40 mmol), Cul (15 mg, 0.20 mmol), FDA
(I) (2.0 mmol), IT (2.0 mmol), and potassium phosphate
(0.544 g, 4.0 mmol) were mixed in dimethyl sulfoxide (4.0
mL). The reaction mixture was strongly stirred in the oil

bath, held at 85°C for 24 h. End capping of the —OH groups
using bromobenzene was achieved. After cooling, this reac-
tion mass was then poured to a mixture of water (4 mL) and
ethyl acetate (40 mL). After the removal of the organic layer,
the aqueous part was separated by ethyl acetate (40 mL).
After being dried with sodium sulfate, the organic layer was
passed through silica gel. The organic layer was dissolved in
methanol and precipitated to get the desired polymer. The
yield of the resulting brown colored polymer was around
65-70%.**® Using a similar scheme, series of the FDA-
diphenylacene polymers P1, P2, and P3 were synthesized.
Poly (FDA-MDPA) (P1): IR (KBr): 3358 (N-H, stretch),
2950 (C-H, aromatic), 1660 (N—H bend), 1510 (C=C aro-
matic), 1246 (C—O—C linkage), 1240 (C-N stretch) cm™';
"H NMR (300 MHz, CDCls, & ppm): 1.28 (s, 3 H, -CHj),
3.69 (s, 4 H, -NH,) 6.54-7.48 (m, Ar-H); >C NMR (75



High Performance Polymers XX(X)

R

Br
OO ey o

O

HoN NH,

1 Cul

I

Picolinic acid | 80°C, 24 h

CoHs

R=

®
Q‘ o
)

NH,

CI -0
H2N NHz

P2

Figure 3. Synthesis of polymers.

MHz, CDCl;, 6 ppm): 31.56 (-CHs), 64.24 (aliphatic car-
bon), 113.33—142.14 (aromatic carbon).

Poly (FDA-EDPA) (P2): IR (KBr): 3347 (N-H, stretch),
2956 (C-H, aromatic), 1654 (N-H bend), 1506 (C=C aro-
matic), 1248 (C—O—C linkage), 1228 (C-N stretch) cm™';
"H NMR (300 MHz, CDCls, § ppm): 1.12 (t, 3 H, —CHj3),
2.68(q,2 H,—CH,), 3.69 (s,4 H,—NH,), 7.16-8.32 (m, 74 H,
Ar-H), 2.38 (s, 12 H, —CH3); '*C NMR (75 MHz, CDCls, §
ppm): 15.31 (—CHy), 29.15 (-CH,), 64.29 (aliphatic car-
bon), and 115.08-163 (aromatic carbon).

Poly (FDA-TDPA) (P3): IR (KBr): 3347 (N-H, stretch),
2956 (C-H, aromatic), 1660 (N-H bend), 1510 (C=C

aromatic), 1248 (C-O-C linkage), 1234 (C-N stretch)
em™'; "H NMR (300 MHz, CDCls, & ppm):1.26 (s, 9 H,
—CHs), 3.69 (s, 4 H, -NH,), 6.54-7.49 (m, Ar—H); °C
NMR: (75 MHz, CDCls, 6 ppm): 30.61 (—-CH3), 34.91 (tert
carbon), 56.49 (carbon of —OCHj3), 64.33 (aliphatic car-
bon), and 113.31-142.14 (aromatic carbon).

Result and discussion

Structural characterization

The synthesis of polymer was confirmed by "H NMR, '*C
NMR, and FTIR spectroscopy. The spectra of conjugated
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Figure 4. FTIR spectra of polymers. FTIR: Fourier transform
infrared.
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polymers were very complicated due to the existence of
various bands of different intensities. The most important
characteristic of the FTIR spectra of polymers (Figure 4)
was the absence of the broad absorption peaks at around
3300 cm ™', suggesting the termination of the hydroxyl end
group of alkyl-substituted DPA monomers and completion
of the polymerization.

The NMR spectra of polymers consisted of overlapping
signals. The "H NMR spectrum of polymers showed signals
in both aliphatic and aromatic region. The signal for ali-
phatic protons was observed between 0 and 3.6 6 ppm,
while aromatic protons showed signals from 6.5 to 7.5 ¢
ppm. The signal due to —OH group of anthracene monomer
was not present in the spectrum, suggesting that the
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Figure 5. (a) 'H NMR and (b) '>C NMR spectra of polymers. 'H NMR: proton nuclear magnetic resonance; '>C NMR: carbon- 13

nuclear magnetic resonance.
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Figure 6. UV-visible absorption spectra of polymers in (a) solu-
tion and (b) solid film. UV: ultraviolet.

polymerization was completed via removal of HBr mole-
cule. The 'H and '*C NMR spectra are shown in Figure 5.

Optical studies

Figures 6 and 7 show ultraviolet (UV)-visible and PL spec-
tra of polymer in the solvent and film, respectively. THF
was used to record both absorption and emission spectra of
the polymers. To obtain a homogeneous film, a thin layer
was spin-coated from CHCIl; solution for the absorption
and emission spectra of the solid film. The spectroscopic
data for solid film and solution are listed in Table 1.

The solution’s absorption spectra showed two large
bands in the region of 200270 nm due to 7—n* transition.
The nature of absorption of spectra for solid films and
solutions was very close. According to the literature, the
9,9 dialkyl fluorene exhibits absorption at 390 nm, and
anthracene displays three absorption peaks at 359, 377, and
396 nm.>” The shoulder that was observed at around 400
nm was due to anthracene group absorption and was sepa-
rated from the substituents. A redshift was observed for the
polymer thin film as opposed to the solution due to some
aggregation in the solid film. The optically measured band-
gap was 2.87-2.90 eV, which was similar to the optical
bandgap of the blue-emitting materials. A wide bandgap

a
(a) 800 P
—=—P2
700 - —=—P3
600
§ 500
m
a
5 400
@
o
< 300
200
100 -
0 T T T
300 400 500 600 700
Wavelength (nm)
400 P1
——P2
350 —a—P3
300
=y
e im
£
S 2001
B
@
E 150 1
w
100 -
50 4
0t ; : PP
300 400 500 600 700

Wavelength (nm)

Figure 7. Photoluminescence spectra of polymers in (a) solution
and (b) solid film.

Table |. Optical properties of polymers.

UV absorption PL
(Amax (nm)) (Amax (hm)) - ¢ (%)*
Polymer THF Film THF Film THF Film
Pl 263, 378,399 300, 383,408 442 449 56 11
P2 263, 376, 397 300, 383,404 434 441 72 18
P3 264, 375,401 300, 383,402 427 435 80 23

UV: ultraviolet; PL: photoluminescence.
*Measured using 9,10-DPA as standard.

is required for a material to be used as a blue-light emitter.
The results showed that PFs with alkyl side groups have no
effect on its polymer E,. The polymers showed substantial
PL in both the solid and solution resulting in pure blue
emissions with a wavelength of around 430 nm on UV
excitation. There was practically no blue PF emission nor-
mally observed at around 420 nm. Therefore, emission
obtained was only due to the acene units in the main PF
chain. The generated excitons were transferred entirely
from the fluorene chain to the acene moieties. The excimer
emission has also not been observed in the films.>® The



Hasija et al. 7
12x10° P1 Table 2. Electrochemical properties of polymers.
X —e— P2
1ox10°] ——P3 Polymer E; (eV)* Eox (€V)°  Enomo (eV)°  Eiumo (eV)°
8.0x10% 4 Pl 2.87 0.74 —5.14 —2.27
< sox10° P2 2.89 0.74 —5.14 —2.25
= P3 2.90 0.75 —5.15 —2.25
£ 40x10®
3 2.0x10% - *The edge of UV spectrum in thin-film state.
‘ ®Onset oxidation potential.
0.0+ “The equation Ejomo = —(Eox + 4.4).
\ 9The equation E_ymo = Enomo — E;°*".
-2.0x10° -
0.0 02 04 05 o8 10 12 Table 3. Molecular weights and thermal analysis data of

Potential (V)

Figure 8. Cyclic voltammograms o f polymers.

emission spectrum of the solids and the solution was almost
identical. This may be attributed to the obstructed intermo-
lecular interaction due to the distorted anthracene and
fluorene-substituted framework. Due to aggregation of the
polymer in solid film, redshifts (7-8 nm) were observed in
the emission spectra of solid films. The data for thin films
suggested a low aggregation. The aryl chains on the fluor-
ene units probably prevent the molecules from stacking and
thus led to low aggregation.’® The band for absorption was
wider than the band for emissions. Using DPA as standard,
the fluorescence quantum yield obtained was 56-80% in
solution and 11-23% in solid films. Aggregation in the
solid films and quenching allow the solid layer to decrease
the quantum yields. Though the PL spectra of the polymer
were red-shifted in thin film, they remained blue emitters in
the solid state. Therefore, due to their high £, and blue PL
emissions, the thin film of polymers can be promising for
its use as a host in polymer Light-emitting diode (PLEDs).

Electrochemical studies

CV was carried out to study the electrochemical properties
of the polymers, as shown in Figure 8. The electrolyte n-
BuyNBF, (0.1 M) was dissolved in CH,Cl, and the scan-
ning rate maintained was of 100 mV/s. The redox couple
ferrocene—ferrocenium calibration was done having an
energy level below the 4.8 eV vacuum levels. The voltam-
mograms of the polymers exhibited a quasi-reversible
curve, which was relatively long. The findings suggested
that the highest occupied molecular orbital (HOMO) and
LUMO energy levels had substantially evolved on the
introduction of anthracene unit in the main polymer back-
bone. The peak potentials of oxidation (E,) for the poly-
mers were 0.74, 0.74, and 0.75 eV, respectively. The
energy levels of HOMO and LUMO were measured and
estimated at —5.14, —5.14, and —5.15 eV for HOMO, and
—2.27, —2.27, and —2.25 eV for LUMO levels, respec-
tively. The values were quite similar to N, N'-(3-methyl
phenyl)-1,1’-biphenyl-4,4’-diamine and N, N'-di(1-

polymers.

Polymer  M.? M, PDI M,/M,) T4 (Oc)b T, (°C)
| 12670 24,200 1.91 283 125
P2 11,900 21,700 1.82 270 127
P3 11,600 25,500 2.2 305 138

TGA: thermogravimetric analysis.

?Determined by gel permeation chromatography (GPC) in THF using
polystyrene standards.

®10% weight loss temperature by TGA under N,.
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—e—P2
——P3
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Figure 9. Thermograms of polymers.

naphthyl)-N, N'-diphenyl(1,1’-biphenyl)-4,4’-diamine,
which are widely used materials. In Table 2, we summarize
the electrochemical properties of all polymers.

Thermal behavior

The onset temperature of polymer degradation exceeded
250°C polymers with a weight loss of 10% between 295°C
and 320°C. The polymers exhibited single-step decomposi-
tion processes with temperatures between 250°C and 410°C.
The temperature of the onset of decomposition for P3 was
higher than that of P1, which indicated that the thermal
stability of the polymers increases marginally as the alkyl
branch increases.

DSC curves exhibited the phase transition of the poly-
mers on heating. Table 3 presents the details of thermal
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parameters, and Figure 9 shows the thermograms. A thermal
transition in relation to the glass transition temperature (7)
was observed above 100°C. The synthesized polymers
showed T, between 125°C and 138°C. Normally, the T, of
PFs tends to be around 50°C.%° The significantly high 7},
may be due to the introduction of anthracene in the polymer
chain, which contributed to the formation of a bridged 3D
network that improved the chain’s stiffness. The addition of
alkyl DPA into the polymer thus provides higher 7, and
thermal stability, which is ideal for it to be used for display
purposes as an active layer.

Thus, the addition of alkyl-substituted DPA in the poly-
mer chain together with aniline containing fluorene forms a
3D cross-linked structure resulting in good thermal stabi-
lity. This prevents deformation and aggregation in the poly-
mer layer from occurring due to heat generated during
device operation.

X-Ray diffraction

X-Ray diffraction study is performed to study the crystalline
nature of the polymers. As crystallinity defines the degree of
long-range order in a material and strongly affects its impor-
tant properties. T, of the polymers, which is an important
factor for light-emitting polymers, is also dependent on the
crystallinity. The crystallite size was determined for all
polymers using the Debye—Scherrer equation and was
obtained within 0.297-2.89 A, as given in Table S1. The
polymers were partially crystalline, which can be seen from
their diffractograms, as shown in Figure S2. All polymers
showed small, well-resolved peaks of different intensities in
their diffractograms. Peaks in the diffractogram of P1 were
more intense, suggesting more crystalline nature. The small
broadening of the area below the peaks was also noticeable
in diffractograms of polymers, which could be due to the
partially crystalline nature of the polymers, but the broad-
ening area observed for P2 and P3 was more than P1, indi-
cating the presence of slight amorphous content in their
structure, which was also evident from their polymer crys-
tallite sizes.

Conclusion

Overall a low-cost copper-catalyzed Ullmann coupling,
which is more economical for mass production, PFs con-
taining anthracene were synthesized in good yields. The
polymers obtained were high in molecular weight. So, cat-
alytic polymerization could be achieved using cheap cop-
per as an alternative. The anthracene alkyl groups have
very little effect on the polymer absorption, emission, and
electrochemical properties. Because of rigid structure and
steric hindrance, aggregation was greatly reduced with the
addition of phenylamine groups on fluorene. The electro-
chemical study showed that the values of HOMO and
LUMO were similar to those of the commonly used hole-

transporting materials. Thermal studies showed decompo-
sition at high temperatures and the polymers exhibited
significant thermal stability. All the data collected for PFs
indicated that these copolymers could be useful for use in
organic electronics as hole-transporting materials, thereby
confirming that copper can be effectively used as a catalyst
for producing high-performance polymers for organic
electronics.
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