
Vol.:(0123456789)

SN Applied Sciences (2020) 2:569 | https://doi.org/10.1007/s42452-020-2344-9

Research Article

Exploring copper as a catalyst for cost effective synthesis 
of polyfluorenes: an alternative to platinum and palladium

Deepika C. Hasija1 · Jayasree Gopalakrishnan1,2 · Alok V. Mishra1 · Vaijayanti D. Ghase1 · Vishwanath R. Patil1

Received: 2 January 2020 / Accepted: 26 February 2020 / Published online: 6 March 2020 
© Springer Nature Switzerland AG 2020

Abstract
In the present study, we report the synthesis of a series of anthracene based polyfluorenes containing alkyl substituted 
9,10-diphenylanthracene and hydrazone substituted fluorene moieties. The polymers were synthesized via copper cata-
lysed Ullmann coupling, which comparatively is inexpensive as compared to palladium and platinum used in Suzuki 
coupling. The synthesized polymers were characterized by various spectroscopic techniques. All the polymers exhibited 
blue emission having band gap in the range of 2.7–2.83 eV. The polymers showed good thermal stability with decomposi-
tion temperature over 330 °C and glass transition temperature in the range of 125–140 °C. All the polymers were soluble 
in common organic solvents with weight average molecular weight in the range of 21,000–25,000. The electrochemical 
study reveals that the HOMO energy levels of the polymers were in the range of − 5.16 to − 5.26 eV which had elevated 
compared with that of polyfluorene (5.7 eV). It matched the work function of ITO and ITO/PEDOT: PSS (4.7 and 5.0 eV 
respectively). These results indicated that the synthesized polymers could be promising materials for applications in 
light emitting diode.
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1 Introduction

The wide application of aryl–aryl bond formation has 
led to enormous research in the field of biaryl synthesis 
with more than 700 research articles in the last 10 years. 
Tremendous amount of work has been devoted to palla-
dium catalysed reactions that give conjugated polymers 
for example Sonogashira, Heck, Suzuki, Negishi and Stille. 
Transition metals like nickel and rhodium are also used for 
synthesis of conjugated polymers [1–16]. Though copper 
has been used for the synthesis of biaryls since ancient 
times for aryl–aryl bond formation, its use for polymerisa-
tion has not been much explored. Hence, in present work 
we have explored Ullmann coupling for the polymerisation 

of conjugated polymers. Copper being less expensive 
than palladium can be employed for Ullmann coupling of 
polymerisation which could be of a great interest [17, 18]. 
This could facilitate bulk production of the light emitting 
polymers (LEPs) by reducing the overall cost involved with 
the use of expensive palladium for polymerisation. Owing 
to their application in solid-state lighting and flat-panel 
displays [19–21] LEPs have generated great interest in the 
field of organic light emitting diodes (OLEDs), organic solar 
cells, organic field effect transistors (OFETs) and biological 
as well as chemical sensors [22–27]. Polyfluorene (PF) is a 
blue light emitter which is the most extensively studied 
class of conjugated polymer because of its high photo-
luminescent (PL) efficiency, good thermal stability and 
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charge transport property [28–30]. In the present work, 
we report the synthesis of PF copolymer containing diphe-
nyl hydrazone as comonomer along with alkyl substituted 
9,10 diphenyl anthracene (DPA). Hydrazone derivatives are 
well known charge transporting and photoconducting 
material. It was found that addition of hydrazone deriva-
tives in the main PF backbone results in exciton confine-
ment in EL devices and thus improves device efficiency. 
Therefore, we have used hydrazone derivative of PF as a 
comonomer to improve the charge carrier balance [31].

In addition, previous reports have revealed that the 
problem of poor EL and colour stability due to aggrega-
tion associated with PF. These problems can be overcome 
by introducing bulky π conjugated dopants [32, 33] which 
facilitate energy transfer between the two units. DPA due 
to its high fluorescence quantum yield and good electro-
chemical properties have found numerous applications 
in optoelectronic devices [34–38]. Therefore, anthracene 
derivatives has attracted great interest as blue light-
emitting materials [39, 40]. Hence, a series of structurally 
modified non-symmetric 9,10-diphenylanthracene deriva-
tives were synthesized and investigated. To enhance film 
forming properties of the DPA derivatives they were non-
symmetrically substituted at the 2nd position by differ-
ent length alkyl groups. Although PF show high PL and EL 
efficiency, good solubility and thermal stability they usu-
ally exhibit high hole injection barrier due to deep HOMO 
levels of about − 5.7 eV which does not match well with 
the work function of ITO and ITO/PEDOT (about 4.7 and 
5.0 eV respectively). Combining fluorene with anthracene 
having a low band gap can significantly lower the hole 
injection barrier and fine tune combination zone in the 
emission layer [41]. To our knowledge there are no reports 
showing encorporation of various alkyl substituted DPA 
moiety through its 9–10 positions in the PF containing 
diphenyl hydrazone. Hence our approach was to synthe-
size deep blue emitting copolymers containing these two 
monomers in the same polymer chain.

2  Experimental

2.1  Materials

All chemicals and reagents were purchased from Sigma 
Aldrich and SD fine and were used without any further 
purification. All the reactions of moisture sensitive com-
pounds were carried out in a dry reaction vessel under 
nitrogen atmosphere. All of the solvents were used after 
purification according to conventional methods reported 
in the literature. Spectroscopic-grade THF (Aldrich Chemi-
cal) was used for all absorption and emission experiments. 

2,7-Dibromofluorenone was synthesized according to pro-
cedures outlined in the literature [42].

2.2  Characterization

Bruker AMX-300 spectrometer was used to record the 1H 
and 13C NMR spectra in  CDCl3 and chemical shift reported 
in δ ppm values relative to TMS (tetramethyl silane) as an 
internal standard. FTIR spectra were recorded on a Per-
kin-Elemer 1600 series spectrophotometer in KBr discs. 
Mass spectra were recorded using shimadzu GCMS/QP 
2010 spectrophotometer. UV–Vis spectra were recorded 
by shimadzu UV-2100 spectrophotometer. Photolumi-
nescence spectra were recorded on Perkin-Elmer Instru-
ments LS55 Luminescence Spectrometer of wavelength 
range 200–800 nm. Thermogravimetric measurements of 
the polymers were performed on Perkin–Elmer/Pyris Dia-
mond thermo analyser at heating rate of 10 °C per minute 
in the controlled nitrogen atmosphere. X-ray diffraction 
experiments were carried out using shimadzu XRD-7000 
X-ray diffractrometer. The XRD pattern was obtained using 
Cu (Kα) (λ = 1.542 Ǻ). The molecular weight of the polymers 
were analysed by gel permeation chromatography (GPC). 
The measurement was done on a Perkin Elmer series 200 
GPC equipped with an isocratic pump, a solvent degasser, 
a column oven, a refractive index (RI) detector, and Chro-
matographic Column PL gel 10 m Mixed-B, 300μ 7.5 mm 
at a flow rate of 1 mL/min using THF as the eluent and 
polystyrene standards for calibration. Cyclic voltammetry 
(CV) experiments were performed using an Autolab ADC 
164 electrochemical analyser operated at a scanning rate 
of 50 mV, the supporting electrolyte was 0.1 M tetrabutyl-
ammonium hexafluorophosphate which was dissolved in 
 CH2Cl2. 0.1 M of the sample and 0.1 M of  Bu4NPF6 with a 
glassy carbon working electrode, a Pt counter electrode, a 
Ag/AgCl (Ag/Ag+) reference electrode and a ferrocene/fer-
rocenium (Fc/Fc+) internal reference. Melting points were 
determined by model Thermo cal, Analab scientific instru-
ment Pvt Ltd. Crystalline behaviours of the compound 
were studied by XRD.

2.3  Synthesis of the monomers and polymers

2.3.1  Synthesis of [Aza(2,7‑dibromofluoren‑9‑ylidene) 
methyl]diphenylamine (FDPA) [M1]

Into a three necked round bottom flask a mixt ure of 
2,7-dibromo-9-fluorenone (1 g, 3 mmol), 1,1-diphenylhy-
drazine hydrochloride (0.75 g, 3.39 mmol) and 50 mL of 
ethanol were added. The mixture was heated at 60–70 °C 
for 24 h. The resultant product was an orange precipi-
tate. After cooling, the orange precipitate obtained was 
washed with hot methanol, and then dried under vacuum. 
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The resulting solid was further purified through silica gel 
chromatography eluted by PET ether to afford 1.04 g of an 
orange solid (yield 79.8%), [31]. The orange coloured solid 
product was formed. Reaction is as shown in Scheme 1.

NMR signals of FDPA: yield 75%; M.P: 230 °C. 1H NMR 
(300 MHz,  CDCl3, δ ppm): 8.11 (s, 1H), 7.46 (t, 2H), 7.41 (d, 
1H), 7.36 (d, 1H), 7.32 (t, 4H), 7.24 (d, 2H), 6.89 (s, 1H); 13C 
NMR: (75 MHz,  CDCl3, δ in ppm): 120.72, 121.229, 122.01, 
122.44, 125.09, 125.24, 129.38, 129.94, 130.37, 131.87, 
132.38, 137.06, 139.27, 140.71, 147.34, 148.51. Anal. Calcd 
for  C25H16Br2N2: C, 59.55; H, 3.2; Br, 31.69; N, 5.56.  %; Found: 
C, 59.53; H, 3.16; Br, 32.01; N, 5.52%.

2.3.2  Synthesis of acene monomer

The monomers were synthesized according to methods 
reported in the literature. Synthesis of acene monomers 
comprises of two steps as shown in Scheme 2. General 
scheme for the synthesis is outlined in Scheme S1.

2.3.2.1 Synthesis of  2‑alkyl‑9,10‑di (p‑methoxyphenyl) 
anthracene Various alkyl substituted 9, 10 DPA were syn-
thesized according to reported methods [43–51].

2.4  General polymerization

The monomer M1 was polymerised with monomer M2, 
M3, M4 to give desired polyfluorene. The general method 
for polymerisation is illustrated in Scheme 3. The copoly-
mers were synthesized through copper iodide catalysed 
Ullman coupling. For the synthesis of polymer in an 
oven dried round bottom flask copper (I) iodide (20 mg, 
0.10 mmol, 10 mol%), picolinic acid (24 mg, 0.20 mmol, 
20 mol%), FDPA (M1) (0.504 g, 1.0 mmol), M2, M3, M4 
(1.0 mmol), and  K3PO4 (0.424 g, 2.0 mmol) were dissolved 
in DMSO (2.0 mL). The flask was placed in a preheated oil 
bath at 80 °C and the reaction mixture was stirred vigor-
ously for 24 h. After the polymerization was completed, 
bromobenzene was added for end capping of hydroxyl 

groups. The reaction mixture was cooled to room tempera-
ture. Ethyl acetate (10 mL) and  H2O (1 mL) were added and 
the mixture was stirred. The organic layer was separated 
and the aqueous layer was extracted twice more with ethyl 
acetate (10 mL). The combined organic layer was dried 
over  Na2SO4 and filtered through a pad of silica gel. The 
filtrate was concentrated and the resulting residue was 
precipitated in methanol. Pale orange coloured PFs with 
a yield of 70–75% were obtained.

Using the similar reaction scheme series of FDPA-diphe-
nylacene polymers PF 1, PF 2, PF 3 were synthesized.

Poly (FDPA-MDPA) (PF 1) 1H NMR (300 MHz,  CDCl3, δ 
ppm): 1.26 (s, 3H, –CH3), 6.92–7.48 (m, 74H, Ar–H); 13C 
NMR (75 MHz,  CDCl3, δ ppm): 31.75 (carbon of –CH3), 
120.91–148.75 (aromatic carbon).
Poly (FDPA-EDPA) (PF 2) 1H NMR (300  MHz,  CDCl3, δ 
ppm): 1.24 (t, 3H, –CH3), 2.72 (q, 2H, –CH2), 6.95–7.73 
(m, Ar–H); 13C NMR (75 MHz,  CDCl3, δ ppm): 15.48 (car-
bon of –CH3), 29.46 (carbon of –CH2), 115.51–155.26 
(aromatic carbon).
Poly (FDPA-TDPA) (PF 3) 1H NMR (300  MHz,  CDCl3, δ 
ppm): 1.3 (s, 9H, –CH3), 6.94–7.77 (m, 74H, Ar–H); 13C 
NMR: (75 MHz,  CDCl3, δ ppm): 30.99 (carbon of –CH3), 
35.12 (carbon of tert C), 115.5–155.19 (aromatic car-
bon).

3  Result and discussion

3.1  Structural characterization

The structural characterization of the monomers was done 
by 1H, 13C NMR, and FTIR spectroscopy. Polymerisation was 
confirmed from FTIR (Fig. S7) by the absence of absorption 
peaks in the region 3400 cm−1 indicating completion of 
polymerization and termination of the hydroxy group of 
alkyl substituted DPA monomers. The strong absorption 
peak in the range 1200–1300 cm−1 was observed due to 

Scheme 1  Synthesis of [Aza(2,7-dibromofluoren-9-ylidene)methyl] diphenylamine (FDPA)
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C–O–C stretching vibrations of ether linkage on the main 
polymer backbone. Formation of polymers via removal 
of HBr molecule was confirmed by this observation. The 
sharp band in the range 1490–1500 cm−1 was observed in 
the infrared spectra due the frequency of C=C vibration of 
conjugated aromatic rings.

3.2  Optical properties

Normalised UV-vis absorption and photoluminescence 
spectra of all polymers in solution and in solid films is 

represented in Fig. 1. The solution-phase UV–Vis absorp-
tion and fluorescence emission spectra were recorded at 
room temperature in dilute THF solution. A homogeneous 
and pinhole-free thin film was obtained via spin casting 
from a  CHCl3 solution. To avoid the possibility of concen-
tration quenching or reabsorption and reemission, the sol-
vent was purged with  N2 prior to measurement. All spec-
troscopic data for measurements in solution and thin film 
are summarized in Table 1.

The absorption spectra of films and corresponding solu-
tions were almost identical. According to literature typical 

Scheme 2  Synthesis of 2-methyl-9,10-di (p-hydroxyphenyl) anthracene
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absorption maxima of the anthracene occurs at 359, 377, 
396 nm and the absorption for fluorene occurs at 390 nm 
[52]. The absorption maxima of synthesized polymers 
were blue shifted to 320 nm. The increase in absorption 
by the anthracene group results in the observed blue shift. 
The absorption by anthracene group results in shoulders 
observed at 298 and 360 nm and was independent of the 
substituents [53]. With increase of length of side chain on 
anthracene the absorption maxima was blue shifted due 

to increase in effective conjugation length. The polymer 
thin film showed broadening of the absorption band and 
upward shift of the shoulder peak as compared to that of 
solution due to some aggregation of polymers in the solid 
state [54]. The optical band gap of the PFs were calculated 
from absorption edge and were found in the range of 2.7, 
2.83 and 2.83 eV respectively. A wide band gap of polymer 
is desirable for their use as charge-injection materials for 
blue-light emitting materials. These results indicated that 

Scheme 3  Synthesis of polymer
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the alkyl side chains used in the polymers have little effect 
on the band gap of the polymers.

Upon UV excitation, solutions of the polymers exhibited 
very intense fluorescence with a maximum at 442 nm for 
PF 1, 434 nm for PF 2 and 427 nm for PF 3, respectively. 
The solid PL showed a 10–15-nm red shifted emission in 
comparison with those of a solution this can be attributed 

to the aggregation of polymer chains in solid. Moreover, 
the solid PL spectrum of polymer was identical of solution 
one. This may be due to the distorted conjugate backbone 
of anthracene and the DPA substituted fluorene which 
inhibited the intermolecular interaction between them. 
The emission band was much narrower than the absorp-
tion bands and showed well-resolved vibronic bands 
was consistent with the emission from localized excited 
states which may be due to migration of the excitons 
along the polymer main chain to segments of low energy 
states. The emission spectrum of PFs suggested that they 
showed emission in the blue region and can be used as 
blue emitters for optoelectronic applications. The fluores-
cence quantum yield of the polymers was calculated using 
9,10-diphenylanthracene as a standard were found in the 
range of 47–69% in solution and 14–21% in thin film.

3.3  Electrochemical properties

Electrochemical properties of the polymer are shown in 
Fig. 2. All copolymer samples were analysed using ferro-
cene as an internal standard and monitored in a standard 
three electrode electrochemical cell. The samples were dis-
solved in dichloromethane. 0.1 M n-Bu4NBF4 dissolved in 
 CH2Cl2 was used as the electrolyte solution and the scan-
ning rate was 100 mV/s. The cyclic voltammogram was 
calibrated by ferrocene–ferrocenium redox couple which 
is assumed to have an absolute energy level of 4.8 eV 
below the vacuum level. Cyclic voltammograms of poly-
mers showed similar behaviour as polyfluorene, having 
a comparatively broad quasireversible wave. The results 
indicate that with the introduction of anthracene unit 
the HOMO and LUMO levels of the polymers had slightly 
increased. The onset of oxidation (Eox) peak potentials for 
PF 1, PF 2 and PF 3 were measured to be 0.86, 0.76 and 
0.82 eV respectively. Regardless of the substituents, the 
polymers showed similar onsets. Accordingly, the cor-
responding HOMO and LUMO energy levels of PF 1, PF 
2 and PF 3 were determined according to the empirical 
formula. HOMO energy levels of the polymer were esti-
mated to be − 5.26, − 5.16 and − 5.22 eV, respectively. 
The LUMO levels of the polymers were obtained from the 
HOMO levels and corresponding optical bandgaps. Thus, 
the calculated LUMO levels for the polymers were − 2.56, 

Fig. 1  Normalised UV–Vis and PL spectra of polymers a in solution 
b solid film

Table 1  Optical properties of 
polymers

a Measured using 9, 10-DPA as standard

Polymer UV absorption (λmax (nm)) PL (λmax (nm)) ϕ (%)a

THF Film THF Film THF Film

PF 1 302 322 442 455 47 14
PF 2 307 309 434 449 52 16
PF 3 313 300 427 438 69 21
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− 2.33, and − 2.39 eV respectively which was almost simi-
lar to other reported polymers [55]. Table 2 compares the 
electrochemical properties of all copolymers.

3.4  Thermal studies

The thermal properties of the synthesized polymers were 
studied by TGA and DSC under nitrogen atmosphere as 
shown in Fig. 3 and Table 3. The polymers exhibited good 
thermal stability with onset degradation temperature 
above 330 °C and 10% weight loss occurring at 410 °C. 
All the polymers showed two step decomposition pro-
cesses with decomposition temperature in the range of 
330–750 °C. The polymers exhibited degradation in two 
step one at a lower temperature in the range of 330–490 °C 
corresponding to the degradation of alkyl group and at 
500–750 °C for main chain degradation. The decomposi-
tion onset temperature for PF 3 was 5 °C higher than that 
of PF 1 and PF 2 indicating that as the alkyl branching 
was increased thermal stability of the polymer was slightly 
improved. Polymers did not show significant weight loss 
below 100 °C that indicated absences of moisture in the 
polymer chain.

DSC analysis was also performed to establish thermally 
induced phase transition behaviour of the copolymers. 
The results are included in Table 3 and the thermogram is 
shown in Fig. 3. In all cases, one thermal transition above 
100 °C was detected which corresponds to glass transi-
tion temperature and no other crystallization and melting 
peaks were found. All the polymers exhibited high glass 
transition temperature (Tg) ranging from 120 to 130 °C. 
According to literature Tg of Polyfluorene was reported as 
51 °C [56]. The significant increase in the Tg can be attrib-
uted to the incorporation of DPA in the polymer backbone 
which resulted in formation of three dimensional cross-
linked polymeric network increasing the chain rigidity. 
Therefore incorporation of alkyl substituted DPA into the 
polymeric backbone results into increases in thermal sta-
bility and leads to have higher Tg which is vital for polymer 
functioning as active layers in LED applications.

Thus, it was suggested that, introduction of alkyl sub-
stituted DPA along with diamine substituted fluorene in 
the polymeric backbone forming three dimensional cross-
linked polymeric network leads to high thermal stability of 
the polymers preventing deformation and aggregation of 

Fig. 2  Cyclic voltammograms of polymers

Table 2  Electrochemical properties of polymers

a The edge of UV spectrum in thin film state
b Onset oxidation potential
c The equation EHOMO = − (Eox + 4.4)
d The equation ELUMO = EHOMO − Eg

opt

Polymer Eg
a (eV) Eb

ox (eV) Ec
HOMO (eV) Ed

LUMO (eV)

PF 1 2.7 0.86 − 5.26 − 2.56
PF 2 2.83 0.76 − 5.16 − 2.33
PF 3 2.83 0.82 − 5.22 − 2.39

Fig. 3  Thermograms of polymers

Table 3  Molecular weights and thermal analysis data of polymers

a Determined by GPC in THF (Polystyrene used as standard)
b 10% weight loss temperature by TGA under  N2
c Glass transition temperature determined by DSC

Polymer Mn
a Mw

a PDI (Mw/Mn) Td
b (°C) Tg

c (°C)

PF 1 11700 25200 2.15 335 120
PF 2 10900 21100 1.93 338 125
PF 3 13800 24700 1.78 341 130
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the emitting layer due to the heat produced during device 
fabrication and its operation.

3.5  X‑ray diffraction studies

Polymer crystallinity is one of the important properties of 
all polymers since polymer exists both in crystalline and 
amorphous form. Crystallite size of the polymer is used 
to describe the nature of polymer and extent of crystal-
linity present in the polymer sample. The XRD patterns of 
polymers are shown in the Figure S8. The crystallite sizes of 
the polymers were calculated using Deby-Scherrer relation 
and are as shown in Table S1. The X-ray diffractogram of 
polymers showed small, well resolved peaks with varying 
intensity. Also no noticeable broadening area under the 
peaks was observed in all the diffractograms. This sug-
gested that, the synthesized polymers were more crystal-
line in nature.

4  Conclusion

In conclusion, we successfully synthesized fluorene based 
copolymers containing anthracene via copper catalysed 
Ullmann coupling. The polymers were obtained in good 
yields. The polymers synthesized had fairly high molecular 
weight. Thus copper could be an alternative for the cataly-
sis of polymerisation. Encorporation of anthracene units in 
the polymer chain provided rigidity and three dimensional 
arrangements to the structure thus increasing its thermal 
stability. Also aggregation which is a most commonly 
encountered problem with polyfluorenes was significantly 
reduced due to the steric hindrance and rigid arrangement 
achieved by introducing hydrazone moiety on fluorene, 
this results in almost identical PL emission in both solid 
as well as solution state. The polymers emitted light in the 
blue region and the PL spectra was free of any green emis-
sion a problem encountered with PF. All blue light emitting 
polymers thus synthesized were thermally stable, highly 
fluorescent with wide semiconducting bandgaps and were 
having a morphology suitable for fabricating OLED.
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