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Three stable polyradicals with large m-conjugated planar phenalenyl (PLY) radical units as
side chain were synthesized. Due to the different conjugated backbones and the interac-
tions between main chains and side chains, these polyradicals and their corresponding pre-
cursor polymers presented diverse optical and electrical properties, which were confirmed

by UV-vis, fluorescence and CV detections. Besides, they showed excellent solubility in
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common organic solvents and good stability in the air. Considering their special character-
istics, we have fabricated photovoltaic (PV) devices using these polyradicals or polymers as
donor material and PCBM as acceptor material. The significant PV performance improve-

Radical ment was observed using a radical-based active layer in the PV devices.

Phenalenyl
Photovoltaics

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The organic m-conjugated polymers have attracted
much attention as a kind of material with various elec-
tronic properties since last century. Especially, there is a
series of m-conjugated polymers substituted with radicals,
the research of magnetic and electronic properties of
which are one of the most attractive research fields, and
numerous m-conjugated polyradicals have been synthe-
sized and characterized [1-10]. One of the most effective
ways to synthesize organic polyradical molecules is to de-
sign a m-conjugated backbone with pendant radicals as
side chains, because the ferromagnetic spin alignment be-
tween unpaired electrons through the m-conjugation can
be made strong [7-10]. Currently, the interest in the syn-
thesis of high-spin organic polyradicals is mostly driven
by the possibility of attaining purely organic magnetic
molecules based upon intramolecular ferromagnetic inter-
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0014-3057/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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action. At the same time, the multifunctional molecules
possessing not only high-spin but also an optical and/or
electrical property have been attractive [11,12]. In the past
several years, organic photovoltaic devices have been the
subject of intense research for their low-cost, light-weight,
compatibility with flexible substrates, etc. So far, great pro-
gress with PCE up to 6% has been achieved by using low
band gap polymers in the BH] solar cells [13-16]. The pres-
ence of unpaired electrons in polyradicals prompts us to
expect that these materials would offer more charge carri-
ers and efficient charge transportation channel toward
optimized overall solar cell performance for possible en-
hanced short-circuit current [17,18]. Taking the advanta-
ges of the intrinsic properties of stable polyradicals, we
report the synthesis and characterization of a series of
polymer radicals with pendant conjugated phenalenyl rad-
ical units, and their initial photovoltaic application results.

2. Results and discussion

The structures of the polymers in this paper are pre-
sented in Scheme 1. The synthesis of three kinds of
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Scheme 1. Structures of the polymers and monomer M1 used in this study.

polymers and corresponding polyradicals were all through
a palladium-catalyzed oxidative homocoupling reaction
[19] as described in Section 3. The obtained polymers were
de-protected by CF3COOH to give the polyradical precur-
sors. With the oxidation of the precursors using PbO, in
toluene, the targeted polyradicals were obtained by depo-

sition in methanol. As shown in Table 1, the molecular
weight, polymerization degree and polydispersity index
(PDI) of the polymers and polyradicals have been summa-
rized. The PDI of all the products is between 1.35 and 1.70,
which indicates that the post treatment is effective to re-
move the polymers with low molecular weight. Besides,

Table 1
GPC data of P1, P2 and P3.
Polymer P1-Boc P2-Boc P3-Boc P1-NH P2-NH P3-NH P1-radical P2-radical P3-radical
M, 7600 16,700 8100 7800 12,100 8700 8500 13,200 8300
PDI 1.48 1.36 1.52 1.53 1.65 135 1.70 1.45 135
Xn 15 17 12 19 14 16 21 15 15
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the oxidation process from polymers to radicals does not
decrease the polymerization degree of the polyradicals,
which illustrates that the oxidation with fresh PbO, does
not cut off the chains of the polymers.

As shown in Fig. 1a, the UV-vis spectra of polymers
and monomer in CHCl; with the concentration of
0.01 mg/mL can be observed. The absorption maximum
of P1-Boc, P2-Boc and P3-Boc shifted to longer wave-
length compared with that of the monomer M1. But the
different backbones made them have different red shift.
This suggests different conjugation arising along the
main-chain in these polymers. At the same time, we com-
pared the P1-Boc with the polymer PDB-BHO, which had
the same main-chain with P1-Boc, but with different side-
chains of long alkoxy. We can observe a red-shift of
91 nm for the absorption maximum from P1-Boc com-
pared to PDB-BHO. Considering the difference of the
side-chains of the two polymers, we conclude that for
P1-Boc there is a better m-conjugation delocalization be-
tween the planar w-conjugated side-chain with the

tively good match with solar spectrum. This makes them
favorable to be used for photovoltaic devices.

To confirm the absorption peaks of radicals, we first
studied the change of the spectra (Fig. 1d) of the small mol-
ecule radical M1-radical in CHCI; solution with the time at
ambient conditions, as we know this radical would de-
grade with time in solution when exposed to air [18] as
shown below. As shown in Fig. 1d, there is a new peak at
600 nm from the solution of M1-radical compared with
that of its precursor M1 shown in Fig. 1a. Furthermore,
the intensity of this new peak from M1-radical decreases
with time. So we believe the peak at ~600 nm is due to
the absorption of radical.

In Table 2, we summarize the absorption maximum of
the polymers and polyradicals in CHCl3 solution or as film
separately, and calculate the band gap of them. According
to these data, we can observe that the band gaps of the

Table 2
main-chain. The absorption spectra of polymer films are UV-vis data of P1, P2, P3 in CHCl5 and film, and their band gap data.
shown in Fig. 1b. Comparing the peaks of film with those - -
. R R . K Polymer Solution Film
of their solutions, we find that there is not obvious differ-

. . . . . ] -opt
ence between them. This indicates that there is no addi- Fmax (nm) #max (nm) Eg™ (eV)
tional m-m stacking interaction appearing when going P1-Boc 533 534 1.90
from solution to film, which may be due to the steric hin- P2-Boc 431 433 261
drance effect of bulky side chain of the polymers, so that P3-Boc 423 424 2.22
the backbones cannot pack to each other well P1-radical >41 >42 1.59

C p ell. P2-radical 421 429 1.99
From Fig. 1c, we can see that the absorption spectra of P3-radical 423 421 2.02
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Fig. 1. UV-vis data of (a) P1-Boc, P2-Boc, P3-Boc, PDB-BHO and M1 in CHCl3 solution with the concentration of 0.01 mg/ml; (b) P1-Boc, P2-Boc and P3-Boc
film; (c) P1-radical, P2-radical and P3-radical film with the comparison of solar simulator spectrum (AM 1.5 G); (d) M1-radical in CHCl3 solution with

different time.
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Fig. 2. Cyclic voltammograms of (A1) P1-Boc (A2) P1-radical, (B1) P2-Boc (B2) P2-radical, (C1) P3-Boc (C2) P3-radical films on a Pt/C electrode in 0.01 M

tetrabutylammonium perchlorate (TBACIO,), acetonitrile solution.

polyradicals are smaller than their corresponding precur-
sor polymers. As mentioned above, the absorption peak
of small molecule radical is at 600 nm. After the polymer-
ization, comparing the peaks of polymers and polyradicals,
we expect that the absorption peaks caused by the radical
blocks in polyradicals are at longer wavelength than the

peaks from the corresponding neutral polymers. That's
why the polyradicals have smaller band gap than that of
polymers.

Electrochemistry study is an effective tool to measure
the oxidation and reduction potentials of polymers to
understand their abilities to gain or lose electrons, and
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Table 3
Electrochemical onset potentials and
polymer films.

electronic energy levels of the

Polymer ESX/HOMO (eV) E*/LUMO (eV) E' (eV)
P1-Boc 0.24/-5.04 ~1.55/-3.25 1.79
P2-Boc 0.91/-5.71 -3.10° -
P3-Boc 0.55/—5.35 -3.31° -
P1-radical 0.21/-5.01 ~1.42/-338 1.63
P2-radical 0.48/-5.28 -3.29° -
P3-radical 0.54/—5.34 ~1.24/-3.56 1.78

2 Note: Is the LUMO calculated according the HOMO and band gap from
absorption spectra.

then calculate the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
levels. We use cyclic voltammetry (CV) to study the oxida-
tion and reduction characters of these polymers (Fig. 2),
with the sweep rate of 100 mV s~! in the acetonitrile solu-
tion with tetrabutylammonium perchlorate (TBACIO,4) as
the electrolyte.

The onsets of oxidation and reduction peaks of poly-
mers and polyradicals were listed in the Table 3. All the
polymers and polyradicals (except P2-Boc) have oxidation
potentials. On the basis of the onsets, the values for HOMO
and LUMO were also calculated. It can be observed that the
oxidation potentials are in the range of 0.24-0.91 V, which
are so small that it indicates their weak oxidation resis-
tance and easiness to lose electrons. With the smaller oxi-
dation potentials, the absolute value of HOMO is bigger,
indicating that it is easier for the hole carriers to inject.
We calculate the value of LUMO using the reduction poten-
tials or the HOMO above and band gap from the absorption
spectra. Some of the polymers and polyradicals have no

X. Wan et al./ European Polymer Journal 47 (2011) 1018-1030

reduction potentials, but the existing data calculated by
the two methods have a good match with each other.

The M1-radical and polyradicals are characterized by
ESR spectra in toluene solution as shown in Fig. 3. We can
observe the hyperfine structure of M1-radical (Fig. 3A),
which proves the spin density distribution on the planar
1,3-diazaphenalenyl. To further explain it, we simulate
the ESR spectrum of M1-radical (Fig. 3B) with density
functional theory based on the DFT calculation by using
Gaussian 03 at the UB3LYP/EPR-II level of theory. The
m-spin density distribution of M1-radical is shown in
Fig. 3C. The black dots denote carbon atoms. From the
result, we can affirm that the main spin density distribution
ison 1, 3,4, 6,7 and 9 positions. It is observed that the spin
density disperses among the whole system and the appear-
ance of weak conjunction to the top benzene rings. M1-rad-
ical gives a g value of 2.0033 and the hyperfine coupling
constants (mT) are estimated by spectral simulation which
referring to the calculation data: ay,=-0.720, agp=
—0.631, ayepy = 0.011, ay = 0.283, ay. = 0.020, ayq = —0.007,
and ay. = 0.018. The values of the g and hyperfine coupling
constants for this model radial are consistent with other
similar phenalenyl radicals [20,21]. The fine coupling struc-
ture of ESR spectra of the three polyradicals disappears
with different extents, and the peaks widen comparing
with that of M1-radical.

To judge the stability of polyradicals, we take P1-radical
as an example to explain it (Fig. 4). We place P1-radical
solution and powder in the tubes separately, and put them
in the air at room temperature for one month. Comparing
the ESR spectra before and after the placement, we can ob-
serve that there are almost no radicals left for the P1-rad-
ical solution, but the intensity and shape of the peaks of
solid ESR signals did not change at all. These results

A B
350 352 354 350 352 354
Field [mT] Field [mT]
D E F
350 352 354 350 3562 354 350 362 354 356
Field [mT] Field [mT] Field [mT]

Fig. 3. The hyperfine ESR spectra of (A) the observed M1-radical (1 mM), (B) simulated for M1-radical, (C) m-spin density distribution of M1-radical
calculated by DFT method using Gaussian 03 (UB3LYP/EPR-II), and the observed ESR spectra for the polymers (5 mM of the repeating unit concentration) (D)

P1-radical, (E) P2-radical, (F) P3-radical in toluene at room temperature.
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Fig. 4. The ESR spectra of (A) fresh P1-radical (1 mM of the repeating unit concentration) in toluene, (B) P1-radical (1 mM of the repeating unit
concentration) in toluene placed in air for one month (the intensity is enlarged for 600 times), (C) P1-radical power, (D) P1-radical power in air for one

month.
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Fig. 5. UV-vis data of (A) P1-Boc, P2-Boc, P3-Boc and (B) P1-Boc:PCBM = 1:0.6, P2-Boc:PCBM = 1:0.6, P3-Boc:PCBM = 1:0.6 in CHCl; solution with the

polymer concentration of 0.01 mg/ml.

indicate that these polyradicals are rather stable at room
temperature, even in air at solid state.

We mixed the polymers and PCBM with mol ratio of
1:0.6 to do UV-vis spectra. As shown in Fig. 5, there is no
obvious change of the peaks of polymers before and after
addition of PCBM. However, there is one more peak
appearing in Fig. 5B, at 325 nm. According to the literature
[22], they belong to the absorption of PCBM. So the absorp-
tion spectra of the mixtures are just the simple addition of
the two components, which means that there is no signif-
icant interaction between polymers and PCBM at ground
state.

As shown in Fig. 6, after addition of PCBM, the fluores-
cence intensity of polymers is quenched largely, indicating

the occurrence of electron transfer process in the interface
of two materials at excited states.

We fabricate the photovoltaic devices with polymer/
PCBM or polyradical/PCBM with the molar ratio of 1:0.6
as active layer. The structure of the device is ITO/PEDOT-
PSS/Polymer-PCBM  (or polyradical-PCBM)/LiF/Al as
shown in Fig. 7. The devices were studied under illumina-
tion (AM 1.5, 50 mW cm™2) in the air for their photovoltaic
performance.

The OPV results are summarized in Table 4, which gave
a best efficiency of 0.17%. Though the efficiencies of the de-
vices are not high, the devices with polyradical/PCBM as
the active layer have higher short-circuit current (Isc) and
open-circuit voltage (V) than those with corresponding
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Fig. 6. Photoluminescence of (A) P1-Boc and P1-Boc/PCBM (1/0.6 w/w), (B) P2-Boc and P2-Boc/PCBM (1/0.6 w/w), (A) P3-Boc and P3-Boc/PCBM (1/0.6 w/w)
in CHCl; solution with the concentration of 0.01 mg/mL according to the polymer units, excited at 380 nm.

Fig. 7. A schematic device structure based on polymer/PCBM hybrid materials, the device structure is ITO/PEDOT-PSS/Polymer-PCBM (active layer)/LiF/AlL

Table 4

Properties of ITO/PEDOT-PSS/active layer/LiF/Al photovoltaic cells.
Polymer Voe (V) Ise (MA/cm?) FF PCE (%)
P1-Boc 0.44 0.25 0.24 0.053
P1-radical 0.86 0.39 0.24 0.17
P2-Boc 0.47 0.26 0.27 0.064
P2-radical 0.66 0.32 0.25 0.11
P3-Boc 0.09 0.14 0.24 0.006
P3-radical 0.29 0.22 0.26 0.033

polymer/PCBM, so that the power conversion efficiency of
polyradical/PCBM devices are improved significantly.
There may be several reasons behind this. First, we argue
that the presence of the unpaired electrons may increase
the carrier concentration [23], which is crucial to deter-
mine the short-circuit current [24]. 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 Vy [25].
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3. Experimental

All manipulations were carried out under a dry argon
atmosphere using standard Schlenk techniques, and sol-
vents were purified by standard procedures. "H NMR spectra
were recorded on a Bruker AC-400 spectrometer. Chemical
shifts, 3, are reported in ppm relative to the internal standard
TMS. UV-vis-NIR spectra were obtained using JASCO-V570
spectrometers. Gel permeation chromatography (GPC) anal-
ysis was performed on a Waters 510 system using polysty-
rene as the standard and THF as eluent at a flow rate of
1.0 mL min~! at 40 °C. Cyclic voltammetric measurement
was performed on a LK98BII Microcomputer-based Electro-
chemical Analyzer, using a Pt wire electrode with n-Buy
NClOy4 as the supporting electrolyte, with a Ag/Ag" reference
electrode. After measurement, the reference electrode was
calibrated with ferrocene (Fc) and the potential axis was cor-
rected to Fc/Fc*. The synthesis procedures of P1-P3 were
shown in the Schemes 2-4, respectively.

3.1. 2,5-Bis((trimethylsilyl)ethynyl)benzaldehyde (1)

A 250 mL two-necked round-bottomed flask equipped
with a stir bar was charged with 2,5-dibromo-benzalde-
hyde (2.64g, 10mmol, 1equiv), dichlorobis(triphenyl
phosphine)-palladium  (II) (420.8 mg, 0.60 mmol,
0.06 equiv) and copper (I) iodide (228.8 mg, 1.20 mmol,
0.12 equiv) under nitrogen atmosphere, and then toluene

(100 mL), diisopropylamine (4 mL, 28 mmol, 2.8 equiv)
and (trimethylsilyl)acetylene (TMSA) (3.0 mL, 21.8 mmol,
2.2 equiv) were successively added. After evacuated and
back filled with nitrogen three times, the black solution
was stirred at 80 °C for 3 h. After cooled to room tempera-
ture, saturated ammonium chloride solution was added,
and the mixture was stirred for 30 min. Organic layer
was then separated, and washed three times with satu-
rated ammonium chloride solution. After dried with so-
dium sulfate and filtered, the solution was concentrated
to give a dark black oil which was chromatographed on sil-
ica gel (1/10 = ethyl acetate/hexane) to afford the product
1 as a yellow oil (298g, ~100%). 'H NMR (CDCls,
400 MHz), & (ppm): 0.26 (d, 18H, J=10.4 Hz, -SiCH3),
7.50 (d, 1H, J =8 Hz, ArH), 7.59 (d, 1H, J = 8 Hz, ArH), 7.97
(s, 1H, ArH), 1.49 (s, 1H, -COH).

3.2. 2-(2,5-Bis((trimethylsilyl )ethynyl)phenyl)-5,8-di-tert-
butyl-1H-perimidine-1-carboxylate (2)

Compound 1 (2.34¢g, 7.5 mmol) and 1,8-diamino-3,6-
di-tert-butylnaphthalene (2.03 g, 7.5 mmol) were placed
in a 250 mL round-bottomed flask equipped with a reflux
condenser and mixed with ethanol (90 mL), then NaHSO3
(0.79 g, 7.5 mmol) was added. The mixture was refluxed
at 85 °C oil bath overnight. Once the reaction was cooled
to room temperature, the mixture was filtered and the so-
lid was dissolved in CH,Cl,. After washed with water for

3,6-di-tert-butylnaphthalene
-1,8-diamine, NaHSO;

TMSA, PdCl,(PPhy),, Cul \ / 7\ / Sthara
Br Br Si =—§j—
DIPA, toluene \:/ \ (BOI;:PI?';OT,H[I):MAP
CHO CHO 3N,
1
PR (N |
\_ \ / — /n

SI =— — SI—

PACI,(PPhs),, Cull;

MeOH/THF ' ' DIPA,THF X“%

(— /7 )\
T N\ /j ~— /n
CF3;COOH SN PbO,
THF toluene
P1-NH

P1-Boc

P1-radical

Scheme 2. Synthesis of polymer P1.
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three times, the combined organic layer was dried with so-
dium sulfate, then filtered and concentrated. The gener-
ated product as a red oil was used directly for next step.

A solution of the red oil from last step in THF (100 mL)
was placed in a 250 mL two-necked round-bottomed flask
eq ped with a stir bar. After 4-(dimethylamino) pyridine
(DMAP) (610 mg, 5 mmol) and EtsN (1.4 mL, 10 mmol)
were added, the flask was capped and nitrogen was bub-
bled through the solution for 20 min. Di-tert-butyldicar-
bonate ((Boc0),0) was then added to the flask under
nitrogen. After the mixture was stirred at room tempera-
ture for 4 h, it was concentrated, the remained oil was
chromatographed on silica gel (0.3% ethyl acetate and
99.7% hexane) to give a yellow powder product 2 (1.71 g,
35%). '"H NMR (CDCls, 400 MHz), & (ppm): 0.13 (s, 9H, -
SiCH3), 0.25 (s, 9H, -SiCHs3), 1.21 (s, 9H, -O-tert-butyl),
1.38 (d, 18H, J = 6.4 Hz, naphthalene-tert-butyl), 7.39 (d,
2H, 4.4Hz, ArH), 7.48 (s, 2H, naphthalene-H), 7.52
(br, 1H, naphthalene-H), 7.68 (br, 1H, naphthalene-H),
7.79 (s, 1H, ArH); ESI MS, m/z 649 (M, 100%).

3.3. tert-Butyl 5,8-di-tert-butyl-2-(2,5-diethynylphenyl)-1H-
perimidine-1-carboxylate (3)

Compound 2 (648 mg, 1 mmol) was dissolved in de-
gassed THF (15 mL) and methanol (7 mL), then aqueous

NHz NH
BrQBr . 22 Na,S,05
CHO Oe H»0, ethanol

OC16H33
o= Pd(PPh3)4, Cul
+ =
5 V DIPA, toluene
OC16H33
OC16H33

PbO,
OC16H33 A\ i
P2-NH

Br

X. Wan et al./ European Polymer Journal 47 (2011) 1018-1030

potassium hydroxide (168 mg, 3 mmol; dissolved in 1 mL
of DDI water) was added. After the solution was stirred
for 4 h, it was washed with aqueous saturated ammonium
chloride and extracted with CH,Cl, three times. The com-
bined organic layer was washed with water and then dried
with sodium sulfate and concentrated to provide an orange
solid which was recrystallized from hexane to provide
product 3 (452 mg, 90%). '"H NMR (d-DMSO, 400 MHz), &
(ppm): 1.13 (s, 9H, -O-tert-butyl), 1.34 (d, 18H, J = 5.6 Hz,
naphthalene-tert-butyl), 4.44 (s, 1H, alkyne-H), 4.62 (s,
1H, alkyne-H), 7.24 (s, 1H, naphthalene-H), 7.50 (d, 2H,
J=11.2 Hz, ArH), 7.58 (s, 2H, naphthalene-H), 7.65 (s, 1H,
naphthalene-H), 7.78 (s, 1H, ArH); ESI MS, m/z 505 (M,
55%), 405 (M-Boc, 100%).

3.4. 2-(2,5-Dibromophenyl)-1H-perimidine (4)

2,5-Dibromo-benzaldehyde (1.66 g, 6.3 mmol, 1 equiv)
and 1,8-diaminonaphthalene were placed in a 100 mL
round-bottomed flask equipped with a reflux condenser
and dissolved in ethanol (10 mL), then NaHSOs; aqueous
solution (0.6 g NaHSO; dissolved in 10 mL DDI water)
was added. The mixture was refluxed at 90 °C with oil bath
overnight. The cooled mixture was filtered and dissolved in
CHCls, then washed with water for several times. The or-
ganic layers were collected together and dried with

Br Br

Br

(Boc0),0, DMAP
Et;N, THF

Boc.
NN

4 5

HN™ N

OC16H33

HCOOCF3
THF

P2-Boc

OC16H33

P2-radical

Scheme 3. Synthesis of polymer P2.
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Na,S0,, then filtered and concentrated to provide orange
powder for chromatograph on silica gel (25% ethyl acetate
and 75% hexane) to give a yellow powder product 4 (0.53 g,
21%). '"H NMR (DMSO, 400 MHz), & (ppm): 6.30 (d, 1H,
J=7.2 Hz, naphthalene-H), 6.60 (d, 1H, J = 7.2 Hz, naphtha-
lene-H), 7.03 (d, 1H, J = 8.2 Hz, naphthalene-H), 7.10 (t, 2H,
J=7.5Hz, naphthalene-H), 7.18 (t, 1H, J = 7.9 Hz, naphtha-
lene-H), 7.65 (d, 1H, J=8.6Hz, -ArH), 7.71 (d, 1H,
J=8.6 Hz, -ArH), 7.84 (s, 1H, -ArH); ESI MS, m/z 403 (M",
100%). Elem. Anal. Calcd. for Cy7H;oBr;N,: C, 50.8%; H,
2.5%; N, 7.0%. Found: C, 51.0%; H, 2.8%; N, 6.4%.

3.5. tert-Butyl 2-(2,5-dibromophenyl)-1H-perimidine-1-
carboxylate (5)

A 100 mL two-necked round-bottomed flask equipped
with a stir bar was charged with 4 (0.34 g, 0.85 mmol) re-
solved in THF, then DMAP (103.7 mg, 0.85 mmol) and Et;N
0.85 mL were added, the flask was capped and nitrogen
was bubbled through the solution for 20 min. (BocO),0

Br
B(OH),
s 1,2-dimethoxyethane

Pd(PPh;),, NaCO,

CHO

3,6-di-tert-1,8-DMP
Na,S,05, DMAP

(BocO),0, DMAP
Et,N, THF

Br /\Br
S

MesSn--S< _snme
AW

was then added to the flask under nitrogen. After the mix-
ture was stirred at room temperature for 1 h, it was con-
centrated, the remained oil was chromatographed on
silica gel (1% ethyl acetate and 99% hexane) to give a yel-
low powder product 5 (0.39 g, 92%). '"H NMR (d-DMSO,
400 MHz), & (ppm): 7.12 (d, 1H, J = 8.2 Hz, naphthalene-
H), 7.40-7.57 (br, 5H, naphthalene-H), 7.18 (t, 1H,
J=7.9 Hz, naphthalene-H), 7.66 (d, 1H, J = 8.6 Hz, -ArH),
7.71 (d, 1H, J = 8.5 Hz, -ArH), 7.89 (s, 1H, —-ArH); ESI MS,
m/z 403 (M'-Boc, 100%). Elem. Anal. Calcd. for
CyoHygBrN,0,: C, 52.6%; H, 3.6%; N, 5.6%. Found: C,
53.6%; H, 3.6%; N, 5.2%.

3.6. 4-(Thiophen-3-yl) benzaldehyde (6)

3-Thiopheneboronic acid (1.85 g, 10 mmol) and 4-bro-
mo-benzaldehyde (1.41g, 11 mmol) were dissolved in
xylene (20 mL), Pd(PPhs), (0) (0.60 g, 0.52) and Na,COs3
aqueous solution (2.12 g Na,COs5 dissolved in 20 mL DDI
water) were added. The mixture was reacted at 95 °C with

CHO CHO

NBS
CHCI;/CH3COOH

.

Pd(PPhj),, toluene

PbO,

toluene

P3-radical

Scheme 4. Synthesis of polymer P3.
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oil bath for 3 h. After cooling to room temperature, extrac-
tion with CH,Cl,, then the organic layer was washed by
water. The solution was dried by Na,SO,4, concentrated,
the remained solid was chromatographed on silica gel
(2% ethyl acetate and 98% hexane) to give a yellow powder
product 6 (1.80g, 96%). 'H NMR (CDCl;, 400 MHz), &
(ppm): 7.45 (br, 2H, thiophene-H), § 7.62 (t, 1H,
J=2.1Hz, thiophene-H), 7.77 (d, 2H, J=8.2 Hz, -ArH),
7.92 (t, 2H, J=8.2 Hz, -ArH), 10.03 (s, 1H, —~CHO). Elem.
Anal. Calcd. for C41HgOS: C, 70.2%; H, 4.3%. Found: C,
68.7%; H, 4.1%.

3.7. 4-(2,5-Dibromothiophen-3-yl)-4-(thiophen-3-yl)
benzaldehyde (7)

(0.80 g, 4.3 mmol) resolved in the mixed acetic acid
(20 mL) and CHCI; (20 mL), then the flask was capped
and nitrogen was bubbled through the solution for
20 min, after that NBS (1.53 g, 8.6 mmol) was added. The
mixture reacted under stirring overnight. After the dilution
with water, the solution was extracted with CH,Cl,. The or-
ganic layer was collected and dried with Na,SO,, filtration,
concentration. The remained solid was recrystallized by
ethyl acetate to get 7 (0.81¢g, 54%). 'H NMR (CDCls,
400 MHz), & (ppm): 7.07 (s, 1H, thiophene-H), 7.69 (d,
2H, J=8.0 Hz, -ArH), 7.95 (d, 1H, J = 8.0 Hz, —ArH), 10.06
(s, 1TH, -CHO). Elem. Anal. Calcd. for C;;HgBr,0S: C,
38.2%; H, 1.8%. Found: C, 38.3%; H, 1.9%.

3.8. tert-Butyl 5,8-di-tert-2-(4-(2,5-dibromophenyl-3-yl)
phenyl)-1H-perimidine-1-carboxylate (8)

Compound 7 (0.35 g, 1 mmol) and 1,8-diamino-3,6-di-
tert-butylnaphthalene (0.27 g, 1 mmol) were placed in a
100 mL round-bottomed flask equipped with a reflux con-
denser and mixed with DMF (10 mL), then NaHSO3; aque-
ous solution (0.01 g NaHSOs resolved in 5 mL DDI water)
was added. The mixture was refluxed at 90 °C oil bath for
6 h. Once the reaction was cooled to room temperature,
the mixture was diluted with water, then filtered to get or-
ange solid, which was used directly for the next step.

The orange solid from last step resolved in THF (20 mL)
was placed in a 100 mL two-necked round-bottomed flask
equipped with a stir bar. After 4-(dimethylamino) pyridine
(DMAP) (120 mg, 1 mmol) and EtsN (0.14 mL, 1 mmol)
were added, the flask was capped and nitrogen was bub-
bled through the solution for 20 min. Di-tert-butyldicar-
bonate ((BocO),0) (0.46 mL) was then added to the flask
under nitrogen. After the mixture was stirred at room tem-
perature for 1h, it was concentrated, then recrystallized
with hexane to give a yellow powder product 8 (0.37 g,
53%). Elem. Anal. Calcd. for C34H3,Br;N,0,S: C, 58.6%; H,
5.2%; N, 4.0%. Found: C, 57.6%; H, 5.6%; N, 4.2%.

3.9. tert-Butyl 5,8-tert-butyl-2-phenyl-1H-perimidine-1-
carboxylate (M1)

Benzalbehyde (275.6 mg, 2.6 mmol) and 1,8-diamino-
3,6-di-tert-butylnaphthalene (540 mg, 2.0 mmol) were
placed in a 50 mL round-bottomed flask equipped with a
reflux condenser and dissolved in xylene (20 mL), then

Pd/C (10%, 6.4 mg) was added. The mixture was refluxed
at 150 °C with oil bath for 4 h. The cooled mixture was fil-
tered, then concentrated and recrystallized from hexane to
provide orange powder (0.48 g) for next step.

A solution of the orange powder (71.2 mg) above in THF
(10 mL) was placed in a 50 mL two-necked round-bot-
tomed flask equipped with a stir bar. After 4-(dimethyl-
amino)pyridine (DMAP) (24.4 mg, 0.2 mmol) and Et;N
(0.1 mL, 0.7 mmol) were added, the flask was capped and
nitrogen bubbled through the solution for 20 min. Di-tert-
butyldicarbonate (0.1 mL, 0.4 mmol) was then added to
the flask under nitrogen, and the mixture was stirred at
room temperature for 1 h. After concentrated, the oil was
recrystallized from hexane to give yellow powder (50 mg,
55%). 'TH NMR (CDCl3, 400 MHz), § (ppm): 1.11 (s, 9H, -O-
tert-butyl), 1.38 (s, 9H, naphthalene-tert-butyl), 1.41(s,
9H, naphthalene-tert-butyl), 7.32 (s, 1H, naphthalene-H),
7.39 (dd, 2H, naphthalene-H), 7.44 (m, 3H, naphthalene-H
and ArH), 7.79 (m, 3H, ArH); ESI MS, m/z 456 (M~, 100%).

3.10. Poly(2-(tert-butyl-5,8-di-tert-butyl-1H-perimidine-1-
carboxylate)-1,4-diethynylbenzene) (P1-Boc)

A 50 mL two-necked round-bottomed flask equipped
with a stir bar was charged with 3 (252 mg, 0.5 mmol,
1 equiv), dichlorobis(triphenylphosphine)-palladium (II)
(7.0 mg, 0.01 mmol, 0.02 equiv), copper (I) iodide (3.8 mg,
0.02 mmol, 0.04 equiv) and iodine (127 mg, 0.5 mmol,
1 equiv) under nitrogen. Then THF (12 mL) and diisopro-
pylamine (12 mL) were successively added using syringe.
The mixture was stirred at room temperature for 48 h.
The reaction solution was washed with aqueous Na,S,03
for several times to get rid of iodine. After dried with so-
dium sulfate, the solution was filtered and concentrated
and then it was added to methanol (~200 mL) to precipi-
tate the product polymer out. The product was collected
by filtration and rinsed with small amount of warm meth-
anol and dried under vacuum to yield poly(tert-butyl 5,
8-di-tert-butyl-2-diethynylbenzene-1H-perimidine-1-car-
boxylate) (PDB-PLY) as a brown solid (212 mg, 85%). The
M, = 7600 g mol~! with a polydispersity index (M,,/M,) of
1.48; degree of polymerization is 15. '"H NMR (CDCls,
400 MHz), & (ppm): 1.26 (br, 9H, -O-tert-butyl) 1.43 (br,
18H, naphthalene-tert-butyl), 6.6-8.0 (br, 7H, naphthalene
and ArH). Elem. Anal. Calcd. for (C34H34N505),: C, 81.08%;
H, 7.00%; N, 5.56%. Found: C, 80.11%; H, 6.70%; N, 4.98%.

3.11. Poly(1,4-diethynyl-2,5-bis(hexadecyloxy) benzene)-co-
poly(tert-butyl-2-(2,5-dibromophenyl)-1H-perimidine-1-
carboxylate) (P2-Boc)

A 50 mL two-necked round-bottomed flask equipped
with a stir bar was charged with 5 (314.9 mg, 0.63 mmol,
1 equiv), 1,4-diethynyl-2,5-bis(hexadecyloxy) benzene
(391.5 mg, 0.65 mmol, 1.03 equiv), Pd(PPhs); (21.7 mg,
0.019 mmol, 0.03 equiv) and Cul (7.2 mg, 0.038 mmol,
0.06 equiv) under nitrogen. Then toluene (30 mL) and
diisopropylamine (2 mL) were successively added using
syringe. The mixture was stirred at 80 °C for 48 h. After
the cooling to room temperature, the solution was concen-
trated to just little toluene left, then adding methanol
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200 mL. Filtrate and wash with hexane for many times to
get yellow product P2-Boc (146 mg, 24%). The
M, = 16,700 g mol~! with a polydispersity index (M.,/M,)
of 1.36; degree of polymerization is 17. "H NMR (CDCls,
400 MHz), 8§ (ppm): 0.88 (t, 6H, -CHs3), 1.21-1.54 (br,
65H, -O-tert-butyl and alkyl chain), 3.45-4.06 (br, 4H, O-
CH,), 6.82-7.98 (br, 11H, naphthalene and ArH). Elem.
Anal. Calcd. (CeqHgsN204)n: C, 81.14%; H, 9.15%; N, 2.96%.
Found: C, 79.94%; H, 7.97%; N, 2.86%.

3.12. Poly(tert-butyl 2(4-(2,2’-bithiophen-3-yl)phenyl)5,8-di-
tert-butyl-1H-permidine-1-carboxylate) (P3-Boc)

A 25 mL two-necked round-bottomed flask equipped
with a stir bar was charged with 8 (69.6 mg, 0.1 mmol),
2,5-bis(trimethylstannyl)thiophene (41 mg, 0.1 mmol)
and Pd(PPhs)4 (5.8 mg, 0.005 mmol), then inject toluene
5 mL under nitrogen. The mixture stirred at room temper-
ature for 48 h. After the reaction, it was added to methanol
(~100 mL) to precipitate the product polymer out. The
product was collected by filtration and rinsed with small
amount of warm methanol and dried under vacuum to
yield P3-Boc as a red solid (48mg, 74%). The
M, = 8100 g mol~! with a polydispersity index (M,,/M,) of
1.52; degree of polymerization is 12. '"H NMR (CDCls,
400 MHz), & (ppm): 1.27-1.64 (br, 27H, —O-tert-butyl and
naphthalene-tert-butyl), 6.59-8.49 (br, 11H, naphthalene,
Ar and thiophene-H). Elem. Anal. Calcd. (C3gH3gN>05S;),
C, 73.75%; H, 6.19%; N, 4.53%. Found: C, 72.13%; H, 5.91%;
N, 3.96%.

3.13. Poly(5,8-di-tert-butyl-2-diethynylbenzene-1H-
perimidine) (P1-NH)

P1-Boc (100 mg) was dissolved in THF (20 mL), and
CF3COOH (1.5 mL) was added to the solution. The mixture
was stirred for 30 min at room temperature, and neutral-
ized with NH3-H,0 (7 mL, 4%). Then the mixture was ex-
tracted with CH,Cl, and washed with water for several
times. After dried with anhydrous sodium sulfate, the or-
ganic layer was filtrated and evaporated to yield the crude
product. It was then dissolved in CHCl3 and re-precipitated
by adding into methanol to yield the P1 as deep purple
powder (63 mg, 79%). The M, = 7800 g mol~! with a poly-
dispersity index (M,,/M,,) of 1.53; degree of polymerization
is 19. Elem. Anal. Calcd. (Cy9H2N3),: C, 86.53%; H, 6.51%;
N, 6.96%. Found: C, 83.87%; H, 5.65%; N, 5.89%.

The method to synthesize P2-NH and P3-NH is the same
with that of P1-NH. The M, of P2-NH is 12,100 g mol™~!
with a polydispersity index (M,,/M,) of 1.65, degree of
polymerization is 14. Elem. Anal. Calcd. (CsgH78N;05),: C,
83.64%; H, 9.28%; N, 3.31%. Found: C, 81.78%; H, 8.51%;
N, 2.83%. The M, of P3-NH is 8700 g mol~! with a polydis-
persity index (M,,/M,,) of 1.35; degree of polymerization is
16. Elem. Anal. Calcd. (C33H30N3S,),: C, 76.41%; H, 5.83%; N,
5.40%. Found: C, 74.89%; H, 4.94%; N, 4.76%.

3.14. Preparation of the polyradical P1-radical

A degassed toluene solution of P1 (60 mg) was treated
with 10 equiv of freshly prepared PbO, and vigorously stir-

red overnight. After filtration to removed inorganic solid,
the solution was poured into methanol and the precipitate
was collected by filtration. The crude product was re-dis-
solved in CHCI; and re-precipitated with methanol to yield
the polyradical (48 mg, 80%). The M,, = 8500 g mol~! with a
polydispersity index (M,,/M,) of 1.70; degree of polymeri-
zation is 21. Elem. Anal. Calcd. (Cy9H25N3),: C, 86.75%; H,
6.28%; N, 6.98%. Found: C, 84.21%; H, 4.91%; N, 5.77%.

The method to synthesize P2-radical and P3-radical is
the same with that of P1-radical. The M, of P2-radical is
13,200 g mol~! with a polydispersity index (M,,/M,) of
1.45; degree of polymerization is 21. Elem. Anal. Calcd.
(Cs9H77N20,),: C, 83.74%; H, 9.17%; N, 3.31%. Found: C,
81.40%; H, 7.87%; N, 2.68%. The M, of P3 is 8300 g mol~!
with a polydispersity index (M,/M,) of 1.35; degree of
polymerization is 15. Elem. Anal. Calcd. (C33H29N>S;)q: C,
76.56%; H, 5.65%; N, 5.41%. Found: C, 73.90%; H, 4.48%;
N, 4.61%.

3.15. Fabrication of PV devices

The ITO glass (ca. 17 Q sq~ !, CSG Inc.) was cleaned in an
ultrasonic bath with detergent, acetone and isopropyl alco-
hol. PEDOT:PSS (Baytron P Al 4083) was then spin-coated
(4000 rpm, ca. 30 nm thick) on top of ITO-coated glass.
The active layer was prepared by spin-coating (1000 rpm,
60 s) on the above modified ITO glass using a dichloroben-
zene solution of polymer/PCBM (1:0.6, w/w). Then lithium
fluoride (LiF, ca. 1 nm) and an Al electrode (100 nm) were
deposited onto the blend film by thermal evaporation at
ca. 4 x 1074 Pa. A xenon lamp was used as the light source
with a power of 100 mW cm 2 to simulate AM 1.5 global
sunlight. The solar cell power conversion efficiency was
not certified. The fabrication and measurements were all
carried out in air at room temperature.

4. Conclusion

In summary, we synthesized three kinds of polymers
and their corresponding neutral stable polyradical with
the m-conjugated phenalenyl radical unit. These polyradi-
cals exhibit a good solubility in common organic solvents
and stability in air. The conjugation between the side chain
of 1,3-diazaphenalenyl unit and backbones cause a sub-
stantial red shift of absorption spectrum and the lowering
of the band gap. The results of photovoltaic devices show
that the active layers using polyradicals as the electron
donating material have improved the overall energy con-
version efficiency comparing with those with the precursor
polymers. We expect that this approach using stable neu-
tral planar polyradicals as the active material for optoelec-
trical devices should bring more and better results.
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