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Scheme 1. Synthesis of Polyradical PolyPLY
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Because of their possible intrinsic electrical1,2 and magnetic
properties,3 stable neutral organic4,5 and polymer radical6,7
materials have been sought for many prospective plastic device
applications, including electronic, optoelectronic, magnetoelectronic devices and even integrated systems with multifunctionality.5,8,9 Recent examples for these neutral stable radicals
include the small ring systems with N and S atoms,10,11
phenalenyl,12,13 spiro-conjugated phenalenyl,2,5 triphenylmethyl
systems,4,14 polyradicals with pendant phenoxyl and nitroxide
radical unit,7 and the two-dimensionally dendritic macrocyclic
poly(1,3-phenylenephenylmethine)s polyradical.6
For high performance polymer-based bulk-heterojunction
(BHJ) photovoltaic (PV) cells, several very important material
intrinsic factors were identified recently, including the donor’s
band gap, the lowest unoccupied molecular orbital (LUMO)
level and the charge carrier mobility.15 Thereby, semiconducting
polymers with a band gap of ∼1.5 eV, LUMO level of ∼3.8
eV, and high charge mobility have been sought for optimized
plastic solar cell applications.15 The intrinsic relatively small
band gap due to the singly occupied molecular orbital (SOMO)
and larger conducting bandwidth2 prompts us to expect that these
neutral stable radical materials, particularly the stable semiconducting polymer neutral radicals, might offer optimized solar
light absorption and more efficient charge transportation channel
toward optimized overall solar cell performance.16 Taking
advantages of these intrinsic properties of neutral stable polymer
radicals2,5,6,12 and the large linear conjugation of poly(pdiethynylbenzene)s (PDBs), we now report the synthesis of the
first neutral stable and soluble polymer radical with pendant
conjugated phenalenyl radical unit and its initial PV application
result.
The stable polyradical PolyPLY (Scheme 1) was synthesized
in seven steps from 2,5-dibromo-benzaldehyde, and the synthesis
is described in detail in the Supporting Information. Briefly,
the poly(tert-butyl-5,8-di-tert-butyl-2- diethynylbenzene-1Hperimidine-1-carboxylate) (PDB-PLY) was synthesized through
a palladium-catalyzed oxidative homocoupling with diisopropylamine as the base to produce diyne linkage. The obtained
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polymer was then deprotected by CF3COOH to give the
polyradical precursor poly(5,8-di-tert-butyl-2-diethynylbenzene1H-perimidine) (P1). The structure of P1 was confirmed by 1H
NMR, GPC and MALDI-TOF (see SI). Oxidization of P1 using
PbO2 in toluene stirring overnight and depositing by pouring
the solution into methanol gave the targeted polyradical PolyPLY, which has a rather good solubility in common organic
solvents, such as CHCl3, THF, and toluene. The molecular
weight of its precursor P1 and the polyradical PolyPLY
measured by GPC were Mn ) 7.8 × 103 and 8.5 × 103 g mol-1
respectively, which were calibrated relative to polystyrene standards. The corresponding polymerization degree is about 1921 and polydispersity index (PDI) is 1.5 and 1.7, respectively.
To estimate the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels, we
examined the electrochemical property of polyradical PolyPLY
by cyclic voltammetry (CV) spectrometry, which gave an
irreversible oxidation and reduction process at a sweep rate of
100 mV s-1 in the MeCN solution with tetrabutylammonium
perchlorate (TBAPF6) as the electrolyte (Figure 1, left). The
onsets of oxidation and reduction peaks were at +0.29 and
-1.34 V respectively vs Ag/Ag+ (see the onsets shown in Figure
1). On the basis of the onsets, the values for HOMO and LUMO
were calculated to be -5.01 and -3.38 eV. The band gap
derived from the difference between oxidation and reduction
potentials of PolyPLY was estimated to be 1.63 eV.
The solution absorption spectra of the model monomer M1,
M1-radical, model polymer PDB-BHO, PDB-PLY, and
polyradical PolyPLY in chloroform solution are shown in Figure
1 (right). The large bathochromical shift (136 nm) of absorption
maximum of PDB-PLY (λmax ) 533 nm) compared with that
of the monomer M1 (λmax ) 397 nm) suggests an extended
π-conjugation arising along the backbone. Interestingly, the
absorption maximum position of PDB-PLY shifted even to a
longer wavelength comparing with that (442 nm) of model
polymer PDB-BHO (Scheme 1) which had the same backbone
but without π-conjugation contributation due to the alkyl arm.17
The alkyl chain on this model polymer was used to obtain the
desired solubility. This indicates that there is significant
π-conjugation delocalization between the planar π-conjugated
1,3-diazaphenalenyl (PLY) skeleton with the main chain for our
polymers of PDB-PLY and the polyradical PolyPLY. The
UV-vis spectrum of PolyPLY solution exhibits a red shift (ca.
8 nm) of λmax and a new peak around 700 nm arose compared
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Figure 1. Left: Cyclic voltammogram of polyradical film on Pt/C electrode at 100 mV s-1 in 0.01 M tetrabutylammonium perchlorate/MeCN.
The onsets of oxidation and reduction peaks were at +0.29 V and -1.34 V respectively vs Ag/Ag+. Right: UV-vis absorption spectra of model
monomer M1, M1-radical, model polymer PDB-BHO, PDB-PLY and polyradical PolyPLY in CHCl3 solution. Inset: (a) solar simulator spectrum
(AM 1.5) and (b) UV-vis absorption spectra of the PolyPLY film.

Figure 2. Hyperfine ESR spectra of (A) observed M1-radical (1 mM), (B) simulated for M1-radical, and (C) the observed PolyPLY (5 mM of the
repeating unit concentration) in toluene at room temperature.

with that of its precursor PDB-PLY, which expands up to ∼750
nm (black solid line in Figure 1). If the UV-vis spectrum of
the monomer radical M1-radical is compared with that of
precursor M1, a new peak around 600 nm appears. Considering
the likely bathochromical shift due to the conjugation along the
backbone, the peak of PolyPLY around 700 nm was assigned
to be the polymer radical. The derived band gap of this
polyradical from the energy absorption edge of the spectrum is
1.59 eV, in agreement with that obtained from CV measurement.
Because of the tailing of the absorption toward longer wavelength, the exact position of the optical band gap was found to
be difficult to be established, and the actual value may be lower
than what we conservatively estimated. In addition, the film
optical spectrum of PolyPLY remains practically identical to
its solution spectrum without any bathochromic shift which is
commonly observed for many π-conjugated polymers, indicating
that no additional π-stacking interaction appearing when going
from solution to film, which may be due to the steric hindrance
effect of bulky side chain. The long tailing around 700 nm can
be observed both in solution and film absorption spectrum,
which indicated that it was intrinsic characteristic but not a
reflection on poor film quality. From the inset in Figure 1, we
can also see that the absorption spectrum of PolyPLY in the
range 450-800 nm matches relatively well with the solar
spectrum (AM 1.5).
The polyradical PolyPLY and monomer radical M1-radical
were characterized with ESR spectrum in toluene as shown in
Figure 2. The spin density distribution over the 1,3-diazaphenalenyl unit in M1-radical and PolyPLY was supported by the
clear hyperfine structure. In addition, the density functional
theory calculations for M1-radical based on the DFT calculation
by using Gaussian 03 at the UB3LYP/EPR-II level of theory
(see Figure S5 in SI) was carried out, showing a weak
delocalized π-spin densities exist on the substituted benzene
ring. M1-radical gave a g value of 2.0033 and the hyperfine

Figure 3. Current density vs voltage (J-V) characteristics of ITO/
PEDOT:PSS/PolyPLY:PCBM/LiF/Al and ITO/PEDOT:PSS/PDBPLY:PCBM/LiF/Al devices under white-light illumination (AM 1.5
conditions). The inset shows the device configuration used.

coupling constants (mT) were estimated by spectral simulation
which referring to the calculation data: aHa ) -0.720, aHb )
-0.631, aHt-Bu ) 0.011, aN ) 0.283, aHc ) 0.020, aHd )
-0.007, and aHe ) 0.018. The values of the g and hyperfine
coupling constants for this model radial are consistent with other
similar phenalenyl radicals.13,18 The polyradical PolyPLY gave
a rather similar ESR with g ) 2.0031, and some fine structure
has disappeared with the peaks widened comparing with that
of the monomer radical. The PolyPLY is rather stable in solid
state and the ESR of its solid sample does not show any
significant change under air for months at room temperature.
With the low band gap and well solar light absorption of
PolyPLY, we fabricated PV cells using this polymer radical.
The J-V characteristic plot (Figure 3) of the device based on
the PolyPLY/PCBM blend (1:0.6) under illumination (AM 1.5,
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50 mW cm-2) exhibits a short circuit current density (Jsc) of
0.39 mA cm-2, an open circuit voltage (Voc) of 0.86 V, a fill
factor (FF) of 0.24 and the energy conversion efficiency η )
0.17%. As a comparison, the device using PDB-PLY/PCBM
blend as the active layer, where no-radical polymer PDB-PLY
replaces polyradical PolyPLY, shows the Jsc ) 0.25 mA cm-2,
Voc ) 0.44 V, FF ) 0.24, and η ) 0.053%. The energy
efficiency improvement of PolyPLY radical device could come
from several reasons, and we argue that the presence of the
unpaired electrons may increase the carrier concentration,19
which is crucial to determine the short circuit current.20 In
addition, the improvement of the hole extraction of the device
may lead to the shift of its quasi Fermi level, resulting in an
increase in the Voc.21 As the first example of applying neutral
stable polyradicals in the PV device, the initial power conversion
efficiency of which was not prominent, but further optimization
in the materials and devices are expected to have better PV
performance.
In summary, we synthesized the first neutral stable polyradical
with π-conjugated phenalenyl radical unit. This polyradical has
a low band gap value of 1.59 eV and its application for PV
device has been studied. This polyradical exhibits a rather good
solubility in common organic solvents and stability in air. The
conjugation between the side chain of 1,3-diazaphenalenyl unit
and poly(p-diethynylbenzene)s backbone causes a substantial
lowering of the band gap relative to other poly(p-diethynylbenzene)s.17 Initial studies have showed that the PV device with
radicals doped has improved the conversion efficiency.21 Studies
are underway for a more comprehensive investigation about its
transport and magnetic properties and solar cell applications.
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