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Because of their possible intrinsic electricahnd magnetic
properties) stable neutral orgarfi¢ and polymer radicéf’ polymer was then deprotected by £FOH to give the
materials have been sought for many prospective plastic devicepolyradical precursor poly(5,8-diért-butyl-2-diethynylbenzene-
applications, including electronic, optoelectronic, magnetoelec- 1H-perimidine) (P1). The structure of P1 was confirmedtHy
tronic devices and even integrated systems with multifunction- NMR, GPC and MALDHTOF (see SI). Oxidization of P1 using
ality.>89 Recent examples for these neutral stable radicals ppQ, in toluene stirring overnight and depositing by pouring
include the small ring systems with N and S atdfhs, the solution into methanol gave the targeted polyradical Poly-
phenalenyz3spiro-conjugated phenalerdfriphenylmethyl  pLY, which has a rather good solubility in common organic
systems','4 polyradicals with pendant phenoxyl and nitroxide ~solvents, such as CH&ITHF, and toluene. The molecular
radical unit/ and the two-dimensionally dendritic macrocyclic weight of its precursor P1 and the polyradical PolyPLY
poly(1,3-phenylenephenylmethine)s polyradital. measured by GPC wel, = 7.8 x 103 and 8.5x 10° g mol!

For high performance polymer-based bulk-heterojunction respectively, which were calibrated relative to polystyrene stan-
(BHJ) photovoltaic (PV) cells, several very important material dards. The corresponding polymerization degree is abotit 19
intrinsic factors were identified recently, including the donor's 21 and polydispersity index (PDI) is 1.5 and 1.7, respectively.

band gap, the lowest unoccupied molecular orbital (LUMO) 14 estimate the highest occupied molecular orbital (HOMO)
level and the charge carrier mobil#yThereby, semiconducting and lowest unoccupied molecular orbital (LUMO) levels, we

polymers with a band gap ot1.5 eV, LUMO level of~3.8 examined the electrochemical property of polyradical PolyPLY
eV, and high charge mobility have been sought for optimized by cyclic voltammetry (CV) spectrometry, which gave an

plastic solar cell applicatiori. The intrinsic relatively small  jieversible oxidation and reduction process at a sweep rate of
band gap due to the singly occupied molecular orbital (SOMO) 100 mv s in the MeCN solution with tetrabutylammonium
and larger conducting bandwidthrompts us to expect that these perchlorate (TBAPE as the electrolyte (Figure 1, left). The
neutral stable radical materials, particularly the stable semicon- . cats of oxidation and reduction peaks weret@t29 and
ducting polymer neutral radicals, might offer optimized solar _4 34, respectively vs Ag/Ag(see the onsets shown in Figure
light absorption and more efficient charge transportation channel 1). On the basis of the onsets, the values for HOMO and LUMO
toward optimized overall solar cell performarieTaking were calculated to be-5.01 and—3.38 eV. The band gap
advantages of these intrinsic properties of neutral stable polymeryqrived from the difference between oxidation and reduction
radical$->12 and the large linear conjugation of paby(  yotentials of PolyPLY was estimated to be 1.63 eV.
diethynylbenzene)s (PDBs), we now report the synthesis of the The solution absorption spectra of the model monomer M1
first neutral stable and soluble polymer radical with pendant M1-radical, model polymer PDBBHO, PDB-PLY, and ’
conjugated phenalenyl radical unit and its initial PV application ponradicaI'PonPLY in chloroform solutio'n are shown ’in Figure
reﬁ_li]lt' . . 1 (right). The large bathochromical shift (136 nm) of absorption
e stable polyradical PolyPLY (Scheme 1) was synthesized aximum of PDB-PLY (4 533 nm) compared with that
in seven steps from 2,5-dibromo-benzaldehyde, and the synthes@} the monomer M1 4 max397 nm) suggests an extended
max —

is described in detail in the Supporting Information. Briefly,

the polytert-butyl-5,8-ditert-butyl-2- diethynylbenzeneH- 7-conjugation arising along the backbone. Interestingly, the
perimidine-1-carboxylate) (PDBPLY) was synthesized through %asogftwgvggﬁ'qwmco?ﬁsgﬁﬁ O&/iﬁ;:{ (SA,rxfzter?r:)V%? trgoatjel
a palladium-catalyzed oxidative homocoupling with diisopro- polgmer PDB—B%O (Schgme % which had the same backbone
pylamine as the base to produce diyne linkage. The Ol:)ta'madbut withoutsz-conjugation contributation due to the alkyl atf.

. ) _ _ The alkyl chain on this model polymer was used to obtain the
(22)_c2%rg8_sggggmg author. Faxi- 86 (22)-2349-9992, Telephonet 86 desired solubility. This indicates that there is significant
TKey Laboratory for Functional Polymer Materials and Center for 7-COnjugation delocalization between the plamaconjugated
Nanoscale Science & Technology, Institute of Polymer Chemistry, College 1,3-diazaphenalenyl (PLY) skeleton with the main chain for our

of Chemistry, Nankai University.
* Central laboratory, College of Chemistry, Nankai University. polymers of PDB-PLY and the polyradical PolyPLY. The

§ Key Laboratory of Display Materials and Photoelectric Devices, Institute UV —vis spectrum of PolyPLY solution exhibits a red shift (ca.
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PDB-BHO monomer M 1 Mi1-radical
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Figure 1. Left: Cyclic voltammogram of polyradical film on Pt/C electrode at 100 mVis 0.01 M tetrabutylammonium perchlorate/MeCN.
The onsets of oxidation and reduction peaks wer¢@®9 V and—1.34 V respectively vs Ag/Ag Right: UV—vis absorption spectra of model
monomer M1, M1-radical, model polymer PBBHO, PDB-PLY and polyradical PolyPLY in CHGIsolution. Inset: (a) solar simulator spectrum
(AM 1.5) and (b) UV~vis absorption spectra of the PolyPLY film.
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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 PDBPLY, which expands up t6-750
nm (black solid line in Figure 1). If the U¥vis spectrum of —o— PolyPLY/PCBM
the monomer radical M1-radical is compared with that of ° PDB'PLY’PCBN_',‘
precursor M1, a new peak around 600 nm appears. Considering § 0.0 _arll e
the likely bathochromical shift due to the conjugation along the <« o
backbone, the peak of PolyPLY around 700 nm was assigned E
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 wave-
length, 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 -0.5 i
optical spectrum of PolyPLY remains practically identical to
its solution spectrum without any bathochromic shift which is
commonly observed for mamy-conjugated polymers, indicating Voltage [V]
that no additionafr-stacking interaction appearing when going  Figure 3. Current density vs voltageJ{V) characteristics of ITO/
from solution to film, which may be due to the steric hindrance PEDOT:PSS/PolyPLY:PCBM/LIF/Al and ITO/PEDOT:PSS/PBB
effect of bulky side chain. The long tailing around 700 nm can PLY:PCBMI/LIF/Al devices under white-light illumination (AM 1.5
be observed both in solution and film absorption spectrum, conditions). The inset shows the device configuration used.
which indicated that it was intrinsic characteristic but not a coupling constants (mT) were estimated by spectral simulation
reflection on poor film quality. From the inset in Figure 1, we which referring to the calculation datan, = —0.720,84, =
can also see that the absorption spectrum of PolyPLY in the —0.631, ayt—gy = 0.011,ay = 0.283,ayc = 0.020, apq =
range 456-800 nm matches relatively well with the solar —0.007, andaye = 0.018. The values of thg and hyperfine
spectrum (AM 1.5). coupling constants for this model radial are consistent with other
The polyradical PolyPLY and monomer radical M1-radical similar phenalenyl radicals:'8 The polyradical PolyPLY gave
were characterized with ESR spectrum in toluene as shown ina rather similar ESR witly = 2.0031, and some fine structure
Figure 2. The spin density distribution over the 1,3-diazaphe- has disappeared with the peaks widened comparing with that
nalenyl unit in M1-radical and PolyPLY was supported by the of the monomer radical. The PolyPLY is rather stable in solid
clear hyperfine structure. In addition, the density functional state and the ESR of its solid sample does not show any
theory calculations for M1-radical based on the DFT calculation significant change under air for months at room temperature.
by using Gaussian 03 at the UB3LYP/EPR-II level of theory = With the low band gap and well solar light absorption of
(see Figure S5 in SI) was carried out, showing a weak PolyPLY, we fabricated PV cells using this polymer radical.
delocalizedz-spin densities exist on the substituted benzene The J—V characteristic plot (Figure 3) of the device based on
ring. M1-radical gae a g value of 2.0033 and the hyperfine the PolyPLY/PCBM blend (1:0.6) under illumination (AM 1.5,

urrent dens
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