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ABSTRACT: Poly[2-{bis(4-methoxyphenyl)amino}phenyl-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] 1 was

prepared via the Gilch reaction of the p-bis(chloromethyl)benzene monomer, 2-{bis(4-methoxyphenyl)aminophen-

yl}-�,�0-dichloro-p-xylene. The Gilch reaction facilitated the preparation of the polyphenylenevinylene with a triaryl-

amine pendant group when compared to that via the Heck polycondensation. The molecular weight of the polymer was

approximately 4:0� 105, and it was soluble in common solvents and was reversibly redoxed due to the pendant aryl-

amine moiety. Chemical oxidation of 1 afforded the corresponding aminium polyradical 1þ with the half life-time of

ca. 2 weeks under ambient conditions. ESR and magnetization measurements of 1þ revealed a forbidden multiplet sig-

nal and an average spin quantum number (S) of 3/2 at low temperature, respectively. The polyradical 1þ was the first

example of a high molecular weight, high-spin organic polymer with solvent-solubility and film formability. 2,3-

Bis[N,N-bis(4-methoxyphenyl)aminophenyl]stilbene 2 and its aminium diradical 2þ were also prepared as the model

dimer compounds; 2þ was a triplet molecule at low temperature. The effect of the �-conjugated poly(1,4-phenylene-

vinylene) backbone on the high-spin alignment was also discussed. [doi:10.1295/polymj.PJ2006226]
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�-Conjugated and high-spin radical polymers have
drawn the attention of researchers due to the possible
creation of a purely organic-derived magnetic materi-
al.1,2 The target radical polymers have been molecu-
lar-designed by satisfying a non-Kekulé and non-
disjoint fashion upon the �-conjugated connectivity
among the radical moieties in order to realize an effec-
tive overlap of singly occupied molecular orbitals and
a strong ferromagnetic interaction of the unpaired
electrons of the radical moieties.1,3 Rajca et al. synthe-
sized a two-dimensionally macrocyclic polyradical,
poly(1,3-phenylenephenylmethine), and succeeded in
producing very high magnetic moments and a spin
quantum number (S > 5400) at very low tempera-
ture.4 However, the arylmethine radical did not exist
above 200K, which prevents further development of
the high-spin organic polymer.
A triarylaminium radical possesses a high durabili-

ty under ambient conditions due to the delocalized
unpaired electron, which could also contribute to an
efficient spin-exchange interaction in the molecule.
Recently, we succeeded in synthesizing a durable
poly(1,2-phenylenevinylene anisylaminium) deriva-
tive with a molecular weight of several thousands,
in which the stilbene linker worked as an effective fer-
romagnetic spin coupler through the extended �-con-
jugated structure to give S of 3/2–7/2 at room temper-
ature.5,6 Such durable radical-bearing �-conjugated
polymers possess a solvent solubility and tolerance

for the spin-defect because the pendant spins are ex-
pected to interact not only with neighboring, but also
with discrete spins.1c,6–11 For the backbone �-conju-
gated structure, poly(phenylenevinylene)s are known
to possess an extended �-conjugation,12 and are char-
acterized as being coplanar with an extended �-conju-
gation even after the introduction of pendant groups.
We have reported high-spin poly(1,2-phenylenevinyl-
ene)s bearing stable radical moieties such as 3,5-di-t-
butyl-4-oxyphenyl,8 N-t-butylnitroxide,9 and nitronyl
nitroxide.10 Both the regioregularity or head-to-tail
linkage of the backbone and high molecular weight
are important factors for achieving a high S value1,2

because the former induces a ferromagnetic interac-
tion between the pendant spin sources by satisfying
the non-Kekulé fashion and the latter increases the
number of spin sources on one polyradical molecule.
However, the poly(1,4-phenylenevinylene) bearing a
durable radical moiety has not yet been reported.
Poly(1,4-phenylenevinylene)s could possess a sol-

vent-solubility and film formability by substituting
an alkyl chain, which has been explored as a function-
al material for applications in organic light-emitting
diodes,13 photovoltaic cells,14 and photorefractive ma-
terials.15 Alkyl-substituted and high molecular-weight
poly(1,4-phenylenevinylene)s have been prepared via
the appropriate polymerization routes. The high mo-
lecular weight and aminium radical-substituted poly-
(1,4-phenylenevinylene)s are expected to be a new
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class of electronic functional materials, e.g., a high-
spin and durable organic polymer and a hole-trans-
porting polymer for light-emitting diodes.16

The polymerization routes for the poly(1,4-phenyl-
enevinylene)s are as follows: the Heck reaction, the
Wittig condensation, and the Gilch reaction. The Heck
reaction17 of a bromostyrene derivative in the pres-
ence of a palladium-phosphine catalyst yields highly
regioregular substituted poly(1,4-phenylenevinyl-
ene)s, but their molecular-weights often remains the
oligomeric one. The Wittig-type copolymerization18

of a bisaldehyde and a bis(triphenylphosphonium)-
methylbromide derivative produces 1,4-phenylene-
vinylene polymers. However, this route requires tedi-
ous steps for the preparation of the monomers, and a
bulky substituent on the monomers often prevents
the polymerization. The Gilch reaction of bis(halo-
genomethyl)benzenes16 gives poly(1,4-phenylenevinyl-
ne)s with high molecular-weights without any metal
catalyst, while the polymers often lack a regioregular-
ity of the substitutent groups. There have been two
reports regarding the Gilch polycondensation of rela-
tively bulky group-substituted p-bis(halogenomethyl)-
benzenes to yield the poly(1,4-phenylenevinylene)s.19

Here, we, for the first time, describe the synthesis
of a high-molecular weight and triarylamine-bearing
poly(1,4-phenylenevinylene), poly[2-{bis(4-methoxy-
phenyl)amino}phenyl-5-(2-ethylhexyloxy)-1,4-phen-
ylenevinylene] 1 via the Gilch reaction, which
afforded the highly-regioregular phenylenevinylene
backbone with the bulky pendant substituents. The
magnetic property and spin alignment in its durable
aminium polyradical 1þ was also discussed in com-
parison to the dimer model, 2,3-bis[N,N-bis(4-methoxy-
phenyl)aminiumphenyl]stilbene 2þ.

EXPERIMENTAL

Pinacol[4-{N,N-bis(4-methoxyphenyl)amino}phenyl]-
boronate 4
A 1.56M n-butyllithium in hexane solution (0.56

mL, 0.873mmol) was added dropwise to N,N-bis(4-
methoxyphenyl)-4-bromophenylamine20 3 (0.308 g,
0.799mmol) in dry THF (15.6mL) at �78 �C and stir-
red for 1 h under nitrogen atmosphere. The mixture
was transferred to a dried THF solution (1.98mL) of
triisopropylborate (0.89mL, 5.81mmol) at �78 �C,
and then the reaction mixture was stirred for 2 h. After
the mixture was allowed to warm to room tempera-
ture, pinacol (0.656 g, 5.55mmol) was added and stir-
red for 16 h. The solvent was removed and the residue
was dissolved in hexane/dichloromethane (2/1). The
filtrate was concentrated and purified by flash column
chromatography (silica gel deactivated with triethyl-
amine, hexane/dichloromethane = 10/1) to give a
pale yellow solid of 4 (0.326 g). Yield 95%. 1H NMR
(CDCl3, 500MHz; ppm) � 7.60 (d, J ¼ 8:9Hz, 2H),
7.06 (d, J ¼ 9:0Hz, 4H), 6.86 (d, J ¼ 8:7Hz, 2H),
6.83 (d, J ¼ 8:9Hz, 4H), 3.79 (s, 6H), 1.32 (s,
12H); 13C NMR (CDCl3, 125MHz; ppm) � 156.2,
151.4, 140.4, 135.7, 127.1, 118.7, 114.7, 83.4, 55.5,
24.9, 24.8; MS (EI) m=e 431 [Mþ],431.3 (calcd);
Anal. Calcd for C26H30BNO4: C, 72.3%; H, 6.7%;
N, 7.0%. Found: C, 72.4%; H, 7.0%; N, 6.8%.

2,30-Bis[N,N-bis(4-methoxyphenyl)aminophenyl]stil-
bene 2
2,30-Dibromostilbene 5 (318mg, 0.941mmol), the

bis(4-methoxyphenylamino)phenyl-boronic ester 4
(0.855 g, 1.98mmol), potassium phosphate (599mg,
2.82mmol), and tetrakis(triphenylphosphine)palla-
dium(0) (44mg, 0.038 mmol) were added to 5.6mL
of DMF, and then the mixture was stirred for 10 h at
100 �C under nitrogen. The mixture was dissolved in
dichloromethane and washed with water. The organic
layer was then dried over anhydrous sodium sulfate.
After removal of the solvent, the crude product was
purified by flash column chromatography on silica
gel (hexane/dichloromethane = 2/1) to give a yel-
lowish powder of 2 (0.236 g). Yield: 32%. 1H NMR
(CDCl3, 500MHz; ppm) � 7.72 (d, J ¼ 8:0Hz, 1H),
7.57 (br, 1H), 7.41 (d, 8.50Hz, 2H), 7.36–7.30 (m,
8H), 7.19 (d, J ¼ 8:6Hz, 2H), 7.09–7.07 (m, 8H),
6.99 (d, J ¼ 6:7Hz, 2H), 6.95 (d, J ¼ 6:7Hz, 2H),
6.83–6.79 (m, 8H), 3.78 (s, 6H), 3.75 (s, 6H); FAB-
MS m=z 786.6 [Mþ], 786.9 (calcd); Anal. Calcd for
C54H46N2O4: C, 82.4%; H, 5.9%; N, 3.6%. Found:
C, 82.0%; H, 5.7%; N, 3.5%.

2-[4-{N,N-bis(4-methoxyphenyl)amino}phenyl]-5-(2-
ethylhexyloxy)terephthalaldehyde 7
2-Bromo-5-(2-ethylhexyloxy)terephthalaldehyde16

6 (1.50 g, 4.39mmol), the boronic ester 4 (2.65 g, 6.14
mmol), and potassium phosphate (1.40 g, 6.60mmol)
were dissolved in DMF (26.3mL). Tetrakis(triphenyl-
phosphine)palladium(0) (0.10mg, 0.087mmol) was
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added and reacted at 110 �C for 17 h. The extract with
dichloromethane was washed with brine and dried on
sodium sulfate. The crude product was purified by
chromatography on silica gel (hexane/dichloro-
methane = 2/1) to afford an orange oil of 7 (1.33 g).
Yield 54%. 1H NMR (CDCl3, 500MHz; ppm) � 10.59
(s, 1H), 10.48 (s, 1H), 7.92 (s, 1H), 7.56 (s, 1H), 7.13-
6.85 (m, 12H), 4.08 (dd, J ¼ 5:6, 1.7Hz, 2H), 3.81 (s,
6H), 1.83–1.82 (m, 1H), 1.55–1.33 (m, 8H), 0.98–0.90
(m, 6H); 13C NMR (CDCl3, 125MHz; ppm) � 192.3,
189.5, 160.0, 156.4, 144.4, 140.4, 138.2, 130.8, 130.7,
128.1, 127.6, 127.0, 119.5, 114.9, 110.7, 100.6, 71.4,
55.5, 39.4, 30.6, 29.1, 24.0, 23.0, 14.0, 11.2; MS
(EI) m=e 566 [Mþ], 565.7 (calcd); Anal. Calcd for
C36H39NO5: C, 76.4%; H, 7.0%; N, 2.5%. Found: C,
76.1%; H, 6.7%; N, 2.4%.

1,4-Bis(hydroxymethyl)-2-[4-{N,N-bis(4-methoxyphen-
yl)amino}phenyl]-5-(2-ethylhexyloxy)benzene 8
A solution of the terephthalaldehyde 7 (0.850 g,

1.50mmol) in dry THF (10mL) was added dropwise
to a suspension of lithium aluminium hydride
(0.120 g, 3.16mmol) in dry THF (4.0mL) at 0 �C.
The solution was stirred at room temperature for
0.5 h, and then a small amount of ethyl acetate and
water was carefully added to the solution. The solu-
tion was extracted with dichloromethane, and the or-
ganic layer was then washed with water, dried, and
evaporated to give a white solid of 8 (0.84 g). Yield
98%. 1H NMR (CDCl3, 500MHz; ppm) � 7.19 (s,
1H), 7.11–6.82 (m, 13H), 4.70 (s, 2H), 4.66 (s, 2H),
3.98 (dd, J ¼ 5:5, 1.5Hz, 2H), 3.80 (s, 6H), 2.31,
2.03 (s, 2H), 1.78–1.75 (m, 1H), 1.62–1.24 (m, 8H),
0.97–0.90 (m, 6H); 13C NMR (CDCl3, 125MHz;
ppm) � 156.4, 155.9, 147.8, 140.9, 138.7, 133.2,
132.0, 130.4, 129.8, 128.4, 126.7, 120.0, 114.8,
110.7, 70.5, 63.3, 62.1, 55.5, 39.5, 30.8, 29.1, 24.2,
23.0, 14.0, 11.2; MS (EI) m=e 570 [Mþ], 569.7
(calcd); Anal. Calcd for C36H43NO5: C, 75.9%; H,
7.6%; N, 2.5%. Found: C, 75.7%; H, 7.3%; N, 2.3%.

1,4-Bis(chloromethyl)-2-[4-{N,N-bis(4-methoxyphen-
yl)amino}phenyl]-5-(2-ethylhexyloxy)benzene 9
Triphenylphosphine (1.18 g, 4.49mmol) was sus-

pended in 0.5mL of tetrachloromethane (5.27mmol).
To the mixture a solution of 8 (0.492 g, 0.864mmol)
in toluene (5mL) was added and refluxed for 14 h.
The reaction mixture was then extracted with di-
chloromethane. The organic layer was washed with
water, dried, and evaporated. The residue was purified
by chromatography with hexane/dichloromethane
(1/3) to afford a colorless oil of 9 (0.300 g). Yield
57%. 1H NMR (CDCl3, 500MHz; ppm) � 7.27 (s,
1H), 7.18–7.16 (m, 2H), 7.13 (s, 1H), 7.07–6.83 (m,
10H), 4.66 (s, 2H), 4.59 (s, 2H), 4.01 (d, J ¼ 5:2

Hz, 2H), 3.75 (s, 6H), 1.79 (m, 1H), 1.62–1.34 (m,
8H), 0.99–0.91 (m, 6H); 13C NMR (CDCl3, 125
MHz; ppm) � 157.4, 157.2, 149.2, 141.7, 137.5,
135.1, 133.1, 132.3, 130.5, 127.6, 127.4, 120.5,
115.5, 113.9, 71.1, 55.6, 45.3, 41.7, 40.7, 31.6, 30.0,
24.9, 24.0, 14.4, 11.6; MS (EI) m=e 605 ½ðM� 1Þþ�,
607 ½ðMþ 1Þþ�, 606.6(calcd); Anal. Calcd for
C36H41Cl2NO3: C, 71.3%; H, 6.8%; N, 2.3%. Found:
C, 71.1%; H, 6.7%; N, 2.1%.

2,4-Dibromo-5-octyloxybenzylalcohol 11
A carbon tetrachloride solution (1.77 L) of 2,4-

dibromo-5-octyloxytoluene 10 (60.0 g, 159mmol),
N-bromosuccinimide (30.3 g, 170mmol), and a small
amount of 2,20-azobisisobutylnitrile was refluxed for
3 h. After cooling, the solution was filtered and the
solvent was removed to give pale yellow oil. The
crude oil and anhydrous sodium acetate (39.1 g,
0.477mol) in acetic acid (890mL) were refluxed at
130 �C for 12 h. After cooling, the solvent was re-
moved, then the mixture was dissolved in dichlorome-
thane, washed with water, and dried. The solution was
evaporated, and aqueous sodium hydroxide (4N,
180mL) was added, then the mixture was refluxed
for 2 h. The solvent was removed, dissolved in chloro-
form, and washed with water. The organic layer was
then evaporated. The crude product was purified by
column chromatography on silica gel with a chloro-
form eluent to give a white solid of 11 (30.6 g). Yield
49%. 1H NMR (CDCl3, 500MHz; ppm) � 7.68 (s,
1H), 7.06 (s, 1H), 4.68 (d, J ¼ 6:0Hz, 2H), 4.03 (t,
J ¼ 6:6Hz, 2H), 2.00 (t, J ¼ 5:9Hz, 1H), 1.86–1.80
(m, 2H), 1.52–1.46 (m, 2H), 1.39–1.26 (m, 8H),
0.89 (t, J ¼ 7:0Hz, 3H); 13C NMR (CDCl3, 125
MHz; ppm) � 155.3, 139.9, 135.9, 112.9, 112.0,
111.6, 69.6, 64.7, 31.8, 29.3, 29.2, 29.0, 26.0, 22.7,
14.1; MS (EI) m=e 392 ½ðM� 2Þþ�, 394 (Mþ), 396
½ðMþ 2Þþ�, 394.1 (calcd); Anal. Calcd for C15H22-
Br2O2: C, 45.7%; H, 5.6%; Br, 40.6%. Found: C,
45.6%; H, 5.5%; Br, 40.5%.

2,4-Dibromo-5-octyloxybenzaldehyde 12
The compound 11 (29.0 g, 73.6mmol) and pyridi-

nium chlorochromate (23.8 g, 110mmol) were dis-
solved in dichloromethane (401mL), and the mixture
was refluxed for 2 h at 40 �C. After cooling, the solu-
tion was filtered, and evaporated. The crude product
was purified by silica gel column chromatography
using dichloromethane as the eluent, then recrystalli-
zation from hexane gave a white needle crystal of 12
(26.2 g). mp. 64.5 �C. Yield 91%. 1H NMR (CDCl3,
500MHz; ppm) � 10.2 (s, 1H), 7.84 (s, 1H), 7.38 (s,
1H), 4.07 (t, J ¼ 6:4Hz, 2H), 1.87–1.82 (m, 2H),
1.52–1.46 (m, 2H), 1.39–1.26 (m, 8H), 0.89 (t, J ¼
7:0Hz, 3H); 13C NMR (CDCl3, 125MHz; ppm) �
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191.0, 155.6, 137.5, 133.0, 120.5, 117.5, 111.9, 69.7,
31.8, 29.2, 29.2, 28.8, 25.9, 22.7, 14.1; MS (EI) m=e
390 ½ðM� 2Þþ�, 392 (Mþ), 394 ½ðMþ 2Þþ�, 392.1
(calcd); Anal. Calcd for C15H20Br2O2: C, 45.9%; H,
5.1%; Br, 40.8%. Found: C, 45.7%; H, 5.2%; Br,
40.6%.

4-Bromo-2-[4-(N,N-bis(4-methoxyphenyl)amino)phen-
yl]-5-octyloxybenzaldehyde 13
To a DMF solution of 12 (2.00 g, 5.10mmol),

4 (2.20 g, 5.10mmol), and potassium phosphate
(1.63 g, 7.68mmol) was added tetrakis(triphenylphos-
phine)palladium(0) (0.110mg, 0.104mmol) which
was then reacted for 20 h at 100 �C. After removal
of the solvent, the mixture was dissolved in dichloro-
methane, and the solution was washed with water, and
dried over anhydrous sodium sulfate. The crude prod-
uct was purified by flash column chromatography
(hexane/dichloromethane = 11/2) to afford an or-
ange oil of 13 (0.85 g). Yield 27%. 1H NMR (CDCl3,
500MHz; ppm) � 9.96 (s, 1H), 7.66 (s, 1H), 7.44 (s,
1H), 7.12–7.09 (m, 6 H), 6.95 (d, J ¼ 8:8Hz, 2H),
6.86 (d, J ¼ 8:8Hz, 4H), 4.11 (t, J ¼ 6:5Hz, 2H),
3.81 (s, 6H), 1.89–1.85 (m, 2H), 1.51–1.50 (m, 2H),
1.30–1.26 (m, 8H), 0.89–0.88 (m, 3H); 13C NMR
(CDCl3, 125MHz; ppm) � 192.0, 156.3, 154.8, 149.0,
140.4, 139.7, 135.4, 133.4, 130.8, 127.3, 127.0, 119.4,
119.1, 114.9, 110.0, 69.6, 55.5, 31.8, 29.3, 29.2, 29.0,
26.0, 22.7, 14.1; MS (EI) m=e 615 ½ðM� 1Þþ�, 617
½ðMþ 1Þþ�, 616.6 (calcd); Anal. Calcd for C35H38-
BrNO4: C, 68.2%; H, 6.2%; Br, 13.0%; N, 2.3%.
Found: C, 68.1%; H, 6.0%; Br, 13.1%; N, 2.1%.

4-Bromo-2-[4-(N,N-bis(4-methoxyphenyl)amino)phen-
yl]-5-octyloxystyrene 14
A 1.57M hexane solution of n-butyllithium (1.7

mL, 2.67mmol) was dropwise added to a dry THF
solution of methyltriphenylphosphonium bromide
(1.40 g, 3.91mmol) at �20 �C under nitrogen and stir-
red for 1 h. To the solution was then added a solution
of 13 (0.853 g, 1.38mmol) in dry THF (8.9mL) at
�20 �C. After the solution was stirred for 1 h, the mix-
ture was allowed to warm to room temperature and
was reacted for 12 h. To the reaction mixture were
added ether and water. The organic layer was extract-
ed and dried. After removal of the solvent, the crude
product was purified by flash column chromatography
(hexane/ethyl acetate = 20/1) to afford a pale yellow
solid of 14 (0.338 g). Yield 40%. 1H NMR (CDCl3,
500MHz; ppm) � 7.47 (s, 1H), 7.10–7.07 (m, 7H),
6.92 (d, J ¼ 8:7Hz, 2H), 6.84 (d, J ¼ 9:0Hz, 4H),
6.74 (dd, J ¼ 17:5, 11.0Hz, 1H), 5.66 (dd, J ¼
17:4, 0.9Hz, 1H), 5.21 (dd, J ¼ 11:0, 0.9Hz, 1H).
4.08 (t, J ¼ 6:5Hz, 2H), 3.80 (s, 6H), 1.89–1.83 (m,
2H), 1.55–1.49 (m, 2H), 1.41–1.30 (m, 8H), 0.89 (t,

J ¼ 6:9Hz, 3H); 13C NMR (CDCl3, 125MHz; ppm)
� 155.9, 154.4, 147.8, 140.9, 135.9, 135.8, 134.6,
134.4, 131.0, 130.3, 126.7, 119.7, 114.7, 114.5,
111.7, 110.0, 69.4, 55.5, 31.8, 29.3, 29.2, 29.1, 26.0,
22.7, 14.1; MS (EI) m=e 613 ½ðM� 1Þþ�, 615
½ðMþ 1Þþ�, 614.6 (calcd); Anal. Calcd for C36H40-
BrNO3: C, 70.3%; H, 6.6%; Br, 13.0%; N, 2.3%.
Found: C, 70.0%; H, 6.4%; Br, 12.8%; N, 2.1%.

Materials
N-(4-Bromophenyl)-N,N-bis(4-dimethoxyphenyl)-

amine 3,21a 2,30-dibromostilbene 5,22 and 2-bromo-
5-(2-ethylhexyloxy)terephthalaldehyde 616 were pre-
pared according to the literature. 2,4-Dibromo-5-
octyloxytoluene 10 was prepared via the Williamson
reaction of 4,6-dibromo-1,3-cresol.23 All other re-
agents were commercially available and used with-
out further purification.

Gilch Polymerization
To a solution of 9 (0.870 g, 1.43mmol) and t-butyl-

benzylchloride (0.30mL, 1.77mmol) in THF (19.5
mL, 0.073M) was added potassium t-butoxide
(0.902 g, 8.04mmol) at 0 �C and then the mixture
was stirred for 5min at 60 �C. The reaction mixture
was poured into methanol, and the precipitate was
washed with methanol and dissolved in THF. The
THF solution was reprecipitated in methanol and the
precipitate was then washed with methanol to yield
a pale orange powder of 1 (0.217 g). Yield 25%.
1H NMR (CDCl3, 600MHz; ppm) � 6.94–6.74 (br
16H), 3.72 (br 8H), 1.26 (br 9H), 0.84 (br, 6H). Anal.
Calcd for C36H39NO3: C, 81.0%; H, 7.4%; N, 2.6%.
Found: C, 80.8%; H, 7.5%; N, 2.8%; Cl; 0.32%.

Heck Polymerization
A solution of palladium(II) acetate (18.4mg, 82.0

mmol), tri-o-tolylphosphine (80.0mg, 263 mmol),
triethylamine (334mg, 3.30 mmol), and 14 (1.01 g,
1.64 mmol) in DMF (16.4mL, 0.1M of 14) was stirred
at 100 �C for 60 h. The solution was poured into meth-
anol and the precipitate was purified by reprecipitating
from THF into methanol to yield a yellow powder
of 15 (0.564 g). 1H NMR (CDCl3, 500MHz; ppm) �
7.46–5.82 (br 48H), 3.73–3.62 (br 24H), 2.02–0.84
(br, 45H). FAB-MS m=z 1682 (trimer calc. 1682.0).
Anal. Calcd for C108H118BrN3O9 (DP ¼ 3): C,
77.1%; H, 7.1%; Br, 4.8%; N, 2.5%. Found: C,
76.9%; H, 7.0%; Br, 4.9%; N, 2.4%.

Oxidation
To a dichloromethane (9.4mL) solution of the tri-

arylamine-bearing polymer 1 (50mg) were added
1.9mL of trifluoroacetic acid (TFA), 7.5mL of tri-
fluoroacetic anhydride (TFAA), and nitrosonium
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hexafluorophosphate (NOPF6, 18.0mg, 0.103mmol).
The solution was stirred at room temperature for
15min, and the solvent was evaporated to afford a
powder of the polyradical 1þ. The stilbene derivative
2 (9.40mg, 12.0 mmol) was also oxidized in CH2Cl2/
TFA/TFAA (0.1mL/0.03mL/0.12mL) with NOPF6
(5.3mg, 30 mmol) in the presence of 18-crown-6 (4.1
mg, 16 mmol) to yield a dark green solution of 2þ.

Measurements
The 1H and 13C NMR spectra were recorded using

a JEOL-Lambda 500 or Bruker AVANCE-600 spec-
trometer. The Mass and FAB-Mass spectra were
obtained using a Shimadzu GC-MS 17A and a JEOL
JMS-SX102A spectrometer, respectively. The UV-vis
spectra were measured by a JASCO V-550 spectrom-
eter. The fluorescence spectra were obtained using a
Hitachi F-4500 spectrometer. The gel permeation
chromatography was performed by a Tosoh LS-8000
(TKL-GEL GMHXL column (� ¼ 7:8mm, L ¼ 300

mm) analyzer with a THF eluent and polystyrene
standards. The thermal analyses were performed by
SEIKO DSC 220C and TG/DTA220 thermal ana-
lyzers at the heating rate of 10 �C/min under nitrogen.
The electrochemical measurements were carried

out using a BAS 100B/W electrochemical analyzer
(Bioanalytical Systems, Inc., Japan). The working,
the counter, and the reference electrodes were a plat-

inum disk, a platinum wire, and a saturated Ag/AgCl,
respectively. All cyclic voltammograms were rescaled
to the formal redox potential of the ferrocene/ferroce-
nium couple.
The ESR spectra were recorded by a JEOL LES-

TE200 ESR spectrometer with 100-kHz field modula-
tion. The temperature dependence plots of the ESR
signal intensities were measured by a 9650 digital
temperature controller (Scientific Instruments, Inc.,
USA). The magnetizations were measured by a
Quantum Design MPMS-7 SQUID magnetometer.

RESULTS AND DISCUSSION

The monomer for the Gilch polycondensation, 1,4-
bis(chloromethyl)-2-[4-(N,N-bis(4-methoxyphenyl)-
amino)phenyl]-5-(2-ethylhexyloxy)benzene 9, was
prepared as shown in Scheme 1. N,N-Bis(4-methoxyt-
phenyl)-4-bromophenylamine 3 was prepared by the
bromination of 4,40-dimethoxytriphenylamine with
N-bromosuccinimide in chloroform. The lithiated bro-
motriphenylamine 3 was reacted with tri(i-propyl)-
borate and pinacol to produce the derivative of
triarylamine pinacol boronate 4. 2-Bromo-5-(2-ethyl-
hexyloxy)terephthalaldehyde 6 was coupled with the
pinacol boronate 4 in the presence of a palladium-
phosphine catalyst to yield the triphenylamine-bearing
terephthalaldehyde 7. The treatment of 7 with lithium
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Scheme 1. Preparation route for the polymer 1 and the dimer 2. (a) (1) n-butyllithium, THF, �78 �C; (2) triisopropylborate, THF; (3)

pinacol, THF; (b) tetrakis(triphenylphosphine)palladium(0), potassium phosphate, DMF; (c) lithium aluminum hydride, THF; (d) triphen-

ylphosphine, tetrachloromethane; (e) potassium-t-butoxide, THF.
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aluminium hydride provided the diol derivative 8,
which was chlorinated with triphenylphosphine and
tetrachloromethane to give the bis(choloromethyl)-
benzene derivative 9 as the monomer for the Gilch re-
action.
2,30-Dibromostilbene 5 was coupled with the pina-

col boronate derivative of triarylamine 4 via the
Suzuki coupling reaction to afford the triarylamine-
bearing stilbene 2, 2,30-bis[4-{N,N-bis(4-methoxy-
phenyl)amino}phenyl]stilbene, as the dimer model
compound.
The triarylamine-bearing bromostyrene derivative

14 was also prepared in 4 steps from 2,4-dibromo-
5-octyloxytoluene 10 which was obtained by the
Williamson reaction of 4,6-dibromo-1,3-cresol.23

The Gilch polycondensation of the monomer 9 in
the presence of 4-t-butylbenzylchloride afforded the

polymer 1 (Table I). The addition of 4-t-butylbenzyl-
chloride24 before the reaction suppressed the insoluble
gel formation (entry 2). The number-average molecu-
lar weight (Mn) of 1 was 4:0� 105 g/mol or the de-
gree of polymerization of 750. The polymer 1 was
soluble in common solvents such as chloroform,
THF, and DMF. The 1H NMR spectrum of 1 revealed
that the content of the residual ethylene chloride or
aliphatic defect in the backbone was ca. 4.8% estimat-
ed by the signal peak at 5.2 ppm (Figure 1). Though
the regioregularity of the polymer 1 was not clarified
using the NMR spectrum, the bulky substituents are
expected to form the highly-regioregular polyphenyl-
enevinylene backbone. The chlorine content estimated
from the elemental analysis was 0.3%, indicating the
high chemical purity (> 99:5%) of 1. This high purity
was comparable to that of the previously-reported
poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene-
vinylene) via the Gilch polycondensation (chloride
content < 0.5%24).
The Heck reaction of the 4-bromostyrene monomer

14 was carried out as the control polymerization. The
palladium-catalyzed Heck reaction of 14 yielded only
the low molecular weight oligomer (degree of poly-
merization = 3) (Table I) while the structure of the
oligomer was definitely assigned to the head-to-tail
linked trimer, tris[2-{N,N-bis(4-methoxyphenyl)amino}-
phenyl-5-octyloxy-1,4-phenylenevinylene], based on
the NMR and FAB-MS spectra (see Experimental).
Taking into account the results from the FAB-MS
and elemental analysis, the end groups, i.e., the bro-
mide and vinyl moieties, were still substituted in the
trimer, indicating that the bulky triarylamine substitu-
ent significantly reduced the reactivity of the mono-
mer. These results concluded that the Gilch polycon-
densation was appropriate for producing the high
molecular weight polymer of 1 with the chemical
structure as represented in Scheme 1.
The thermal stability and glass transition tempera-

ture of 1 were examined by thermogravimetric analy-
sis and differential scanning calorimetric analysis, re-
spectively. The 10%-weight-loss temperature under
nitrogen atmosphere was 440 �C and no weight-loss
of the polymer was observed up to 350 �C. The glass
transition temperature was 163 �C without any evi-

Table I. Polymerization of 9 and 14 via the Gilch and Heck reaction, respectively

Entry monomer
[M]0

(mol/L)
Additivea

(mol/L)
Time

Yieldb

(%)
Mn (103) Mw=Mn

1
9

0.08 — 5min 7.5 590 1.6

2 0.08 0.09 5min 65 400 2.2

3
14

0.1 — 24 h 28 1.6 1.3

4 0.1 — 60 h 56 1.5 1.2

a: 4-(t-Butyl)benzylchloride, b: THF-soluble part.
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Scheme 2. Preparation route for the polymer 15. (a) (1)

N-bromosuccinimide, �,�0-azobisisobutylonitrile, tetrachlorome-

thane; (2) acetic anhydride, sodium acetate; (3) sodium hydroxide,

methanol; (b) pyridinium chlorochromate, dichloromethane; (c)

tetrakis(triphenylphosphine)palladium(0), potassium phosphate,

DMF; (d) (1) n-butyllithium, methyltriphenylphosphonium bro-

mide, THF; (e) palladium(II) acetate, tri(o-tolyl)phosphine, trieth-

ylamine, DMF.
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dence of crystallinity. These thermal properties sup-
ported the high thermal stability and homogeneous
film formability of the polymer 1.
The UV-vis absorption and photoluminescent (PL)

spectra of the polymer 1, the dimer model 2, and
the oligomer obtained via the Heck reaction 15
in chloroform solutions are shown in Figure 3. The
dimer model 2 showed an absorption maximum at
308 nm with a shoulder near 360 nm. The former is at-
tributed to the n-�� transition derived from the triaryl-
amine moiety and the latter is assigned to the �-�� ab-
sorption band of the stilbene structure. 2 exhibited a
yellowish-green emission with the luminescent maxi-
mum at 490 nm ascribed to the stilbene chromophore.
The polymer 1 showed two absorption peaks at 300
and 470 nm assigned to the triarylamine moiety and
the phenylenevinylene backbone, respectively. The
chloroform solution of 1 emitted a strong yellow lumi-
nescence with the maximum at 527 nm derived from
the poly(1,4-phenylenevinylene) backbone, which
was red-shifted in comparison with that of 2. The
bathochromic shift of the UV absorption spectrum
and the red shift of PL spectrum for 1 when compared
to those for 2 indicated that the polymer obtained by
the Gilch polycondensation possesses an extended
�-conjugation structure of poly(1,4-phenylenevinyl-
ene). This was also supported by the result that 15
via the Heck reaction showed a �-�� absorption band

at 440 nm. The optical energy-level gap between the
highest occupied molecular orbital (HOMO) and the
lowest molecular orbital (LUMO) was estimated to
be 2.30, 3.02, and 2.43 eV for 1, 2, and 15, respec-
tively, which corresponded to the extension of the
�-conjugation in 1. It is considered that the low ali-
phatic defect content in the backbone of 1 was not
crucial for the �-conjugation of poly(1,4-phenylene-
vinylene). The film of 1 also displayed a strong yel-
lowish emission under UV irradiation, suggesting that
polymer 1 is applicable as an emitting layer in OLED
devices.
Cyclic voltammograms of the polymer 1 and the

dimer model 2 in the dichloromethane solution are
shown in Figure 3. The redox potentials (E1=2 ¼
ðEp

a þ Ep
cÞ=2) of 1 and 2 were 0.22 and 0.27V, re-

spectively. The redox potentials of 1 and 2 were com-
parable to that of tris(4-methoxyphenyl)amine (E1=2 ¼
0:12V11b). The unimodal redox waves suggested that
the pendant triarylamine group was electrochemically
oxidized almost in one step, corresponding to the elec-
trochemical formation25 of a triarylaminium cation
radical. The dichloromethane solution of 1 turned
deep-blue upon electrochemical oxidation, which
was supported by the strong ESR signal appearance
during electrolysis at 0.5V. The slightly lower oxida-
tion potential of 1 than that of 2 could be ascribed
to the electron-donating effect of the ethylhexyloxy
group attached to the phenylene unit. The reversible
redox waves suggested no competing subsequent
side-reactions such as dimerization or disproprtiona-
tion of the triarylaminium radical formed on the pend-
ant moiety of the polymer during the electrochemical
oxidation in the solution.
The polymer 1 and the dimer model 2 were reacted

with the nitrosonium hexafluorophosphate26 as an ox-
idizing agent in the dichloromethane solutions in the
presence of a small amount of trifluoroacetic acid
(TFA)27 and trifluoroacetic anhydride (TFAA). The
solution of 1 or 2 turned deep-blue through the chemi-
cal oxidation, and the ESR spectra (�Ms ¼ �1) of the

-0.5 0 0.5 1
Potential (vs Fc/Fc+)

1   Aµ

(a)

(b)

Figure 3. Cyclic voltammograms of (a) 1 and (b) 2 in a

CH2Cl2 solution with 0.1M (C4H9)4NBF4: scan rate = 100mV/s.
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Figure 2. UV-vis absorption and photoluminescence spectra

of the polymer 1 (solid line), the dimer model 2 (dashed line),
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Figure 1. 1H NMR spectrum of the polymer 1 obtained via

the Gilch polycondensation of the monomer 9.
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formed solution at room temperature showed a strong
unimodal signal at g ¼ 2:0046 and 2.0031, respective-
ly. The spin concentration estimated from the ESR
signal intensities was 0.34 for 1þ spin/unit and 0.94
for 2þ. It is considered that the irregular head-to-head
or tail-to-tail linkage in the poly(1,4-phenylenevinyl-
ene) structure of 1þ partially sacrificed the non-
Kekulé connection, leading to the low spin concentra-
tion of 1þ.
The ESR study at cryogenic temperature for

the polyradical 1 and the diradical 2þ is shown in
Figure 4. The ESR spectrum had an absorption in
the g ¼ 4 region, ascribed to the forbidden transition
(�Ms ¼ �2) or to a triplet state formation at low tem-
perature. The �Ms ¼ �2 signal intensity vs. the recip-
rocal temperature plots (the Curie plots) produced a
steep upward deviation below 7K for the polyradical
1þ, while those of the diradical 2þ showed a linear
Curie-type relationship (Figure 4). These results indi-
cated that the polyradical 1þ is in a ground state triplet
or a multiplet state with an appropriate triplet(multi-
plet)-singlet energy gap, and that the diradical 2þ is
in a degenerated state of the singlet and triplet. Based
on these results, the phenylenevinylene backbone was
effective for the intramolecular through-bond ferro-
magnetic interaction among the pendant spins or a
spin-alignment for the polyradical 1þ.

The normalized plots of magnetization (M=Ms) of
the polyradical 1þ using a SQUID magnetometer is
shown in Figure 5. The sample was diluted with tetra-
butylammonium poly(styrenesulfonate) in a 1/100
(wt/wt) ratio to suppress the intermolecular (through-
space) antiferromagnetic interaction. The M=Ms plots
(Weiss temperature = 0K) were close to the theoret-
ical Brillouin curve for S ¼ 3=2, indicating that the
polyradical 1þ with the spin concentration of 0.29 is
a quartet polymer. The results from this study con-
cluded that the poly(phenylenevinylene) backbone
formed via the Gilch polycondensation included a
small amount of the aliphatic bond and head-to-head
linkage as the defects but this backbone is still effec-
tive to ferromagnetically interact between the pendant
unpaired electron spins. The Gilch polycondensation
is a promising method to prepare a high-spin polymer
with a high-molecular weight and a film-formability
applicable for device fabrication.
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