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A facile approach for the synthesis of an n-type π-conjugated hyperbranched polymer, 

namely hyperbranched polypyridinebenzene, is proposed based on the copolymerization of 
1,3,5-tribromobenzene (BeBr3) and 2,5-dibromopyridine via chain-growth condensation 
polymerization catalyzed by Ni(dppp)Cl2. The use of BeBr3 as a branching unit simplifies 
the synthesis of n-type π-conjugated hyperbranched polymers, compared with a similar 
hyperbranched polymer prepared from 2,4,6-tribromopyridine (PyBr3) and 2,5-
dibromopyridine requiring a lengthy synthetic route to give the starting material PyBr3. The 
results of UV-Vis spectroscopy and cyclic voltammetry suggest that our synthesized polymer 
retains its hyperbranched structure, which is beneficial in electrochemical doping. 
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1. Introduction 
Conjugated polymers based on polythiophene are 

lightweight and flexible, and tend to exhibit good 
processability and optoelectronic characteristics 
[1,2]. While many p-type and n-type conjugated 
polymers have been examined for application in a 
wide range of organic optoelectronic devices, such 
as solar cells [3,4], light emitting diodes [5,6] and 
transistors [7,8], the development of novel 
conjugated polymers is necessary to expand the 
applicability of such materials [9–14]. 

Hyperbranched polymers (HBPs) are highly 
branched dendritic macromolecules that can be 
synthesized via a one-step polymerization 
procedure, and exhibit unique properties, such as 
good solubilities, low viscosities, and numerous 
terminal functional groups compared to linear 
polymers [15–17]. Although the introduction of 
hyperbranched structures into aromatic polymers 
such as polyamides [18,19], polyimides [20,21], 
poly(ether sulfone)s [22–24], and poly(ether 
ketone)s [25–27], has been relatively well explored 
along with their applications as functional materials 

[28–36], similar studies focusing on conjugated 
polymers are limited [37,38]. 

The first report into p-type conjugated 
hyperbranched polymers was published by Xu and 
Pu in 2002, where they reported a hyperbranched 
polythiophene for use as a light-harvesting material 
for photovoltaic and light-emitting devices [39]. 
Richter et al. later expanded the concept of p-type 
conjugated hyperbranched polymers by reporting an 
alternative hyperbranched polythiophene with 
improved solubility imparted by its hyperbranched 
structure [40]. 

In contrast, n-type conjugated hyperbranched 
polymers had previously received little attention. 
However, in 2017, our group reported the synthesis 
of a hyperbranched polypyridine (HBPPy) as the 
first example of an n-type conjugated 
hyperbranched polymer [41]. This polymer was 
prepared by the copolymerization of 2,4,6-
tribromopyridine (PyBr3) and 2,5-dibromopyridine 
(PyBr2) via chain-growth condensation 
polymerization catalyzed by Ni(dppp)Cl2. 
Compared to its linear analogue, polypyridine 
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(LPPy), HBPPy exhibited a quick response during 
electrochemical doping due to the enhanced 
diffusion of dopant cations caused by the 
hyperbranched structure. However, the synthesis of 
HBPPy is both time consuming and relatively 
energy intensive, mainly due to the preparation of 
the PyBr3 monomer. Thus, if this branching unit 
could be replaced by a more widely available 
compound, the application of n-type conjugated 
hyperbranched polymers could potentially be 
further expanded. 

In this context, we propose the synthesis of an n-
type conjugated hyperbranched polymer, namely 
hyperbranched polypyridinebenzene (HBPPyBe), 
by the copolymerization of 1,3,5-tribromobenzene 
(BeBr3) and PyBr2, as outlined in Scheme 1. Indeed, 
BeBr3 is a widely available chemical, and so its use 
will simplify the synthesis of n-type conjugated 
hyperbranched polymers if the reactivity in the 
polymerization stage and the properties of the 
resulting polymer are similar to those of PyBr3-
based structures. The advantages of applying 
hyperbranched structures in electrochemical doping 
is also examined using cyclic voltammetry. 
 

 
Scheme 1. Synthesis of HBPPyBe. 
 
2. Experimental 
2.1. Synthesis 

Lithium chloride (Kanto Inc.) and [1,3-
bis(diphenylphosphino)propane] nickel(II) chloride 
(Ni(dppp)Cl2, Sigma-Aldrich) were dried by 
heating under vacuum for 1 h. PyBr2 (TCI), BeBr3 
(TCI), and tetrahydrofuran (THF, stabilizer-free, 
Kanto Inc.) were used as received.  

In a two-necked flask, LiCl (0.67 g, 16 mmol, 
16.8 eq.) and PyBr2 (0.90 g, 3.8 mmol, 4 eq.) were 
heated under N2 to remove all traces of water. Dry 
THF (80 mL) was then added followed by the slow 
addition of a solution of isopropylmagnesium 
chloride in THF (2.0 M, 1.9 mL, 3.8 mmol, 4 eq.) at 
0 °C. The resulting mixture was then stirred at 0 oC 
for 2 h. In another flask, a solution of LiCl (0.17 g, 
4.0 mmol, 4.2 eq.) and BeBr3 (0.30 g, 0.95 mmol, 
1 eq.) in dry THF (20 mL) was mixed with a 
solution of isopropylmagnesium chloride in THF 
(2.0 M, 0.47 mL, 0.95 mmol, 1 eq.) as above, and 
the mixture was transferred to the PyBr2-containing 
flask using a syringe. In addition, a suspension of 
Ni(dppp)Cl2 (40 mg, 74 μmol) was prepared in dry 

THF (24 mL) under N2, and the suspension was 
added to the monomer mixture prior to stirring for 
24 h at 25 oC. After this time, the reaction was 
quenched using a 5 M solution of HCl, and the 
residue obtained following concentration of this 
mixture was dissolved in formic acid (20 mL) prior 
to precipitation with methanol (×2). The resulting 
powder was dried under vacuum to obtain 
HBPPyBe as an ocher solid (0.228 g, 58%). 

HBPPyBe-14 (0.164 g, 37%) and HBPPyBe-33 
(0.167 g, 43%) were prepared according to the 
above procedure but with different BeBr3/PyBr2 
ratios, as outlined in Table 1.  
 
Table 1. Polymerization conditions and polymer 
properties. 

Polymer BeBr3/PyBr2 MALDIa Solubilityb 

HBPPyBe-14 1/6 1000–4300 FA, SA 

HBPPyBe-20 1/4 1200–4900 FA, SA 

HBPPyBe-33 1/2 - none 
aDCTB and CF3COONa were used as the matrix and the 
salt, respectively. bThe solubility was determined by 
dissolving 1 mg polymer in 1 mL solvent. FA: formic 
acid, SA: conc. sulfuric acid. 

 
2.2. Measurements 

Fourier transform infrared (FT-IR) spectra of the 
polymers were obtained using a JASCO FT/IR 4100 
spectrometer equipped with a diamond ATR crystal. 
Ultraviolet-visible (UV-Vis) absorption spectra 
were recorded using a BAS SEC2000 spectrometer. 
Elemental analysis was conducted using a J-science 
Micro Corder JM10. Matrix assisted laser 
desorption ionization-time of flight mass 
spectrometry (MALDI-TOF MS) was carried out 
using a Shimadzu MALDI-TOF-MS AXIMA 
Performance instrument with a mixture containing 
a 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile (DCTB) matrix and 
CF3COONa. 

 
2.3. Electrochemical study 

Cyclic voltammetry (CV) was conducted in the 
same manner as in our previous study [41], using a 
single-compartment three-electrode cell at room 
temperature. The working electrode was fabricated 
on a glassy carbon substrate or an indium tin oxide 
(ITO) substrate by drop-casting. A polymer loading 
of 19 μg cm− was employed. Ag/AgNO3 and Pt 
wire electrodes were used as the reference and 
counter electrodes, respectively. A CH3CN 
electrolyte containing 0.1 M tetrabutylammonium 
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tetrafluoroborate was used throughout. Cyclic 
voltammograms were recorded by sweeping the 
potential between 0 and −2.3 V at a scan rate of 
50 mV s−1 using a Hokuto Denko HSV 100 
potentiostat.  

 
2.4. Oligomer DFT calculations 

Density functional theory (DFT) calculations 
were performed using the B3LYP hybrid functional 
in Gaussian 09 [42]. Energy levels and the 
frequency of the pyridine oligomers were calculated 
using the 6-311++G(d,p) basis set. The bromine 
atoms at the ends of the oligomers were replaced 
with hydrogen to reduce the computational load. 
 
3. Results and discussion 

HBPPyBe was synthesized by the catalyst-
transfer polycondensation of BeBr3 and PyBr2 using 
a range of monomeric ratios, as outlined in Table 1. 
We found that the polymers prepared using 
relatively small amounts of BeBr3, i.e., HBPyBe-14 
and -20, were soluble in formic acid and 
concentrated sulfuric acid, whereas HBPPyBe-33 
was insoluble in all solvents. The results of the 
MALDI-TOF MS analysis are summarized in Table 
1 and Fig. 1. Although the predicted molecular 
weight based on the polymerization conditions (i.e., 
1.5 mol% of Ni catalyst) was 6000, the mass 
spectrum of HBPPyBe indicated mass numbers in 
the range of 1000–4900, and all peak intervals 
corresponded approximately to the weight of the 
repeating unit, thereby suggesting the successful 
polymerization of HBPPyBe. It should be noted that 
the MS signals of the LPPy polymer appeared at a 
lower range, i.e., 1000–1500, likely due to poor 
solubility at the polymerization stage [41]. In 
general, the HBPPyBe polymers were insoluble in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. MALDI-TOF MS spectra of HBPPyBe. 

typical organic solvents but were soluble in formic 
acid and concentrated sulfuric acid. The poor 
solubility of HBPPyBe-33 was considered to be due 
to the introduction of cross-linking networks by the 
branching units or due to the poor basicity caused 
by the lower pyridine fraction in this species. 
Furthermore, the polymer molecular weight 
increased upon increasing the BeBr3/PyBr2 ratio, 
likely due to the improvement in solubility resulting 
from the hyperbranched structure. 

 
 

 
Fig. 2. (a) Simulated (B3LYP/6-311++G(d,p)) and (b) 
measured FT-IR spectra of the pyridine oligomer and the 
synthesized polymer, respectively. 
 
 
 
 
Table 2. Elemental analysis of HBPPyBe. 

Polymer C /% H /% N /% Trifunctional 
unit content 

HBPPyBe-14 64.4 1.42 10.7 0.25 

HBPPyBe-20 62.1 1.16 9.56 0.30 

HBPPyBe-33 57.6 0.95 7.27 0.41 
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The detailed structures of the synthesized 
polymers were then determined by elemental 
analysis and FT-IR. As indicated in Table 2, the 
decrease in the nitrogen content upon increasing the 
BeBr3/PyBr2 ratio is expected, as BeBr3 does not 
contain nitrogen. In addition, Fig. 2 shows the FT-
IR spectra of HBPPyBe and the simulated spectrum 
for the branching unit. The simulated spectrum for 
the linear unit was reproduced from our previous 
study for comparison [41]. In the measured spectra, 
the absorbance at 1540 cm−1 increased with the 
BeBr3/PyBr2 ratio. This absorbance is likely derived 
from the branching unit, as the difference was 
reproduced in the simulated spectra. These results 
clearly indicate that the branching unit was 
successfully introduced into the synthesized 
polymers through the cross-coupling approach. 

The effect of the branching unit on the molecular 
orbitals was then examined based on the DFT 
calculation results. Figure 3 shows the structure of 
the molecular orbitals around the highest occupied 
molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) of the model 
molecules for the linear and branched systems, 6Py 
and 7PyBe, respectively. Compared to the linear 
system, the molecular orbitals of the branched 
systems do not appear to be evenly hybridized. This 
is also reflected in the simulated UV-Vis spectra and 
the oscillator strength, as indicated in Fig. 4, Table 
3, and Table 4. In addition, the UV-Vis adsorption 
of 7PyBe was scattered and was predicted to take 
place at lower wavelengths, while that of 6Py 
exhibited a peak at 382 nm corresponding to a 
single excited state. It therefore appeared that the 
simulation predicted a shortened and more 
complicated π-conjugated system for the 
hyperbranched polypyridine structure. 
 

 
 
Fig. 3. Topologies of the pyridine oligomer molecular 
orbitals calculated using the B3LYP/6-311++G(d,p) basis 
set. 
 

 
 
Fig. 4. Simulated absorption spectra of 6Py and 7PyBe 
with the oscillator strengths shown as vertical bars 
(calculated using the B3LYP/6-311++G(d,p) basis set). 
 
 
 
 
Table 3. Excited states and oscillator strengths of 6Py 
calculated using the B3LYP/6-311++G(d,p) basis set. 

 Excited state ΔE / eV, nm f 
Excited 
state 1 HOMO > LUMO 3.24, 382 2.18

Excited 
state 2

HOMO-1 > LUMO 3.82, 324 0.10HOMO > LUMO+1 
Excited 
state 3

HOMO-1 > LUMO 3.92, 317 0.00HOMO > LUMO+1 

Excited 
state 4

HOMO-6 > LUMO 

4.03, 307 0.00HOMO-5 > LUMO 
HOMO-5 > LUMO+1 
HOMO-3 > LUMO 

Excited 
state 5

HOMO-6 > LUMO 
4.07, 305 0.01HOMO-5 > LUMO 

HOMO-5 > LUMO+1 
 
 
 
Table 4. Excited states and oscillator strengths of 7PyBe 
calculated using the B3LYP/6-311++G(d,p) basis set. 

 Excited state ΔE / eV, nm f 
Excited 
state 1

HOMO-1 > LUMO 3.53, 351 0.03HOMO > LUMO+1 

Excited 
state 2

HOMO-1 > LUMO+1 
3.72, 334 1.16HOMO > LUMO 

HOMO > LUMO+2 

Excited 
state 3

HOMO-1 > LUMO 
3.73, 332 1.01HOMO-1 > LUMO+2 

HOMO > LUMO+1 

Excited 
state 4

HOMO-1 > LUMO+1 

3.87, 320 0.02HOMO-1 > LUMO+2 
HOMO > LUMO 
HOMO > LUMO+2 

Excited 
state 5

HOMO-1 > LUMO 

3.93, 316 0.11HOMO-1 > LUMO+2 
HOMO > LUMO 
HOMO > LUMO+2 
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Fig. 5. Absorption spectra of HBPPyBe in formic acid. 
 

The actual band structures of the synthesized 
polymers were then determined by UV-Vis 
absorption spectroscopy (Fig. 5) and CV (Fig. 6), 
and the results are summarized in Table 5. For 
comparison, the results for HBPPy and LPPy 
reported in our previous study [41] are also given in 
Table 5. As indicated in Fig. 5, HBPPyBe-14 and 
HBPPyBe-20 gave similar absorption peaks at 
wavelengths <400 nm. The onset wavelengths 
(λonset) of these polymers were also similar to each 
other and to those of HBPPy and LPPy. In contrast, 
the maximum adsorption wavelength (λmax) 
decreased slightly as the number of branching units 
increased in both HBPPy and HBPPyBe. In addition, 
the LUMO levels of HBPPyBe-14 and HBPPyBe-
20 were determined to be 2.67 and 2.62 eV, 
respectively, by cyclic voltammetry, and these 
values were similar to those of LPPy and HBPPy. 
The calculated HOMO levels of this series of 
polymers were also similar. Furthermore, the 
observed trends for the UV-Vis and CV spectra of 
HBPPyBe correspond to the values predicted by the 
DFT calculations and to the results obtained for 
HBPPy [41]. 

The kinetic effect of the branching unit on the 
electrochemical doping of the synthesized polymers 
was also examined based on the CV results shown 
in Fig. 6. All samples showed a redox couple 
between −2.4 and −2.0 V, and the reduction peak 
shifted slightly to more positive values as the 
number of branching units increased. As discussed 
in our previous study [41], the n-type doping of this 
experiment should be accompanied by diffusion of 
the dopant, i.e., tetrabutylammonium cations, and 
its diffusion within the polymer matrix should be 
enhanced by the hyperbranched structure due to its 
larger free volume [16]. To further clarify 

differences in the doping behavior, CV 
measurements were conducted for HBPPyBe-20 on 
transparent ITO. Thus, Fig. 7 shows the change in 
color of the polymer films on the ITO electrodes 
before and after the application of a cathodic 
potential. More specifically, the observed color 
change across the entire area of the HBPPyBe-20-
containing ITO electrode upon n-doping can be 
explained considering the results for HBPPy [41]. 
More specifically, if the polymer matrix is packed 
too tightly to allow dopant diffusion, which is likely 
in the case of LPPy, the doping reaction can proceed 
on the three-phase boundary between the polymer, 
ITO, and the electrolyte. In contrast, the 
hyperbranched structure of HBPPyBe promotes 
diffusion of the dopant due to its large free volume, 
and the entire electrode area undergoes a color 
change due to doping. It could therefore be 
concluded that the advantageous properties of 
hyperbranched structures in the context of 
electrochemical doping are retained even when 
PyBr3 is replaced with BeBr3.  

 

 
Fig. 6. Cyclic voltammograms measured at room 
temperature for LPPy and HBPPyBe on GC electrodes 
(electrolyte: acetonitrile containing 0.1 M 
tetrabutylammonium tetrafluoroborate; scan rate: 
50 mV sec−1). 
 

 
Fig. 7. Changes in the HBPPyBe-20 film color after 
doping. 
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4. Conclusion 
Hyperbranched polypyridinebenzene was 

synthesized successfully by the copolymerization of 
1,3,5-tribromobenzene and 2,5-dibromopyridine 
via chain-growth condensation polymerization. 
This is a facile approach for the synthesis of n-type 
π-conjugated hyperbranched polymers in terms of 
the availability of the branching unit, 1,3,5-
tribromobenzene. Compared to the hyperbranched 
polymer prepared from 2,4,6-tribromopyridine, the 
synthetic route to such polymers is therefore 
simplified without affecting the properties of the 
resulting hyperbranched polymers. Further studies 
will focus on expanding the variety of n-type π-
conjugated hyperbranched polymers that can be 
prepared by this method through optimization of the 
chemical structures of the linear and branching units. 
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