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In recent time, conjugated polymers have attracted
considerable attention of researchers not only from
scientific but also from a practical viewpoint due to
their fundamental optoelectronic properties and
application as electroactive materials for organic light
emitting diodes [1], field-effect transistors [2], and
photovoltaic devices [3]. Conjugated polymers are
prepared by Stille, Suzuki, and Yamamoto reactions
using nickel (Yamamoto) and palladium (Suzuki and
Stille) catalysts [4, 5]. However, the high cost of the
processes and difficulties of purification from metal
catalyst residues, which are undesirable impurities for
optoelectronic devices, are considerable drawbacks of
these reactions. New noncatalytic methods for the
synthesis of high-purity conjugated polymers should
be developed to solve these problems. It has also been
found that intense electroluminescence and high
charge mobility in a polymer require a high electron—
hole conduction of a medium due to charge carriers
mobility and a balance of injection of carriers of both
signs from opposite electrodes into the emission poly-
mer layer. However, the majority of conjugated poly-
mers provide hole transport that causes imbalance of
charge injection and a poor quantum yield.
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The search for new efficient electron-transport
polymers is necessary to improve the characteristics of
electrooptical devices, which is provided, in particu-
lar, by the introduction of electron-withdrawing frag-
ments—triazole [6], oxodiazole [7], quinoline [8],
and quinoxaline [9]—into macromolecules. The lat-
ter are the least studied and show higher electron-
withdrawing properties due to the presence of four
electron-withdrawing heteroatoms. 7-Conjugated
thiophene-containing poly(phenylquinoxaline)s
(PPQs) have been obtained recently. These PPQs
behave as excellent electron-transport materials for
organic light-emitting diodes [10]. We prepared new
conjugated pyrene-containing PPQs as high-purity
polymers by noncatalytic polycondensation reaction
to provide the balance of the hole and electron con-
duction. The introduction of flat structures, such as
pyrene, into a conjugated polymer is supposed to
enhance intermolecular electronic interaction in the
solid state and result in formation of m—m stacking
structures. In continuation of our studies [11, 12], we
prepared and studied new bipolar pyrene-containing
PPQs as efficient electron-hole and transport materi-
als and thereby synthesized, previously unknown
bis(a-diketone)s IV and VIIL.

RESULTS
AND DISCUSSION

Novel pyrene-containing bis(a-diketone)s IV and
VIII were obtained to prepare conjugated PPQs.
Compound IV was obtained by sequential transforma-
tions including pyrene bromination, interaction of
compound I with a twofold molar amount of trimeth-
ylsilylacetylene followed by elimination of trimethyls-
ilyl group, palladium-catalyzed cross coupling of 1,6-
diethynylpyrene (II) with a twofold molar amount of
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Fig. 1. 'H (a) and '3C (b) NMR spectra of bis(a-diketone) VIIL
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bromobenzene. Thus prepared 1,6-bis(phenylethy-
nyl)pyrene (III) was oxidized with potassium perman-
ganate to give the target monomer 1,6-(phenylglyox-

alyl)pyrene (IV) in a rather high yield (78%). Com-
pound VIII was obtained in 73% yield in a similar
manner according to Scheme 1.
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Scheme 1.

The composition and structure of target com-
pounds IV and VIII were confirmed by elemental
analysis, IR spectroscopy, and 'H and 3*C NMR. In
particular, the IR spectra of bis(o.-diketone)s IV and
VIII show strong absorption bands at 1665 and
1702 cm™!, respectively, typical of the CO group of an
a-diketone fragment. The '"H NMR spectra of com-
pounds IV and VIII show three multiplets at 6 = 8.1—
8.3 (4H), 7.7-7.8 (6H), and 7.4—7.58 ppm (4H); one
singlet at & = 8.37 ppm; one doublet at 7.99 ppm (4H,
J=28.1 Hz); and three well-resolved triplets at 6 = 7.64
(2H), 7.4 (2H), and 7.32 ppm (2H, J=7.2 Hz) (Fig. 1a).
Signal assignment in the "H NMR spectra was made
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from the ratio of the integrated intensities of signals
and the values of spin—spin coupling constants.
The 3C NMR spectra of compound VIII display
20 intense signals in the region 6 = 110—150 ppm,
eight of which pertain to quaternary carbon atoms.
A specific feature of the spectra of compound VIII is
the presence of downfield signals of two different car-
bonyl groups of the a-diketone fragment at 5 = 194
and 193 ppm (Fig. 1b).

The prepared bis(a-diketone)s IV and VIII were
used in the synthesis of PPQs containing pyrene
groups in the main and side chains of macromolecules
in accordance with Scheme 2.
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PPQs were obtained by reacting aromatic tet-
raamine IX with bis(a-diketone)s IV and VIII in an m-
cresol solution at 190°C for 7 h. The reaction pro-
ceeded under homogeneous conditions to lead to
polymers with high viscosity characteristics (N =
0.79—0.94 dL/g). The structure of PPQ was confirmed
by IR and NMR spectroscopy. The IR spectra of the
prepared polymers exhibit the lack of absorption
bands at 3200—3400 and 1660—1680 cm™' related to
the C=0 and NH, stretching vibrations of the initial
compounds and the presence of absorption bands at

1640 cm™! typical of the C=N bond in quinoxaline
rings. This is also confirmed by the *C NMR spectra
of all polymers, which contain no signals in the region
0 = 190—195 ppm related to a-diketone fragments.
The molecular weights of the polymers determined by
GPC vary within (188.3—222.5) x10° (M,,) and (61.8—
68.7) x 10° (M,) with dispersity 2.7—3.6, respectively.
According to X-ray diffraction analysis, all the poly-
mers are amorphous, which seems to be due to their
isomeric heterounit structure, and this feature is
responsible for the good solubility of PPQ in a wide

DOKLADY CHEMISTRY  Vol. 456

Part 1 2014



NOVEL ELECTRON-WITHDRAWING

Table 1. Molecular-weight, thermal, and mechanical properties of poly(phenylquinoxaline)s

69

s s M Stretching properties of films
Polymer N, dL/g M x 10 M, x 10 - T, °C Tip9, °C *
" ¥ M, $ 10% o, MPa e, %
PPQ-1 0.62 61.8 222.5 3.6 344 492 (515) 86 5.2
PPQ-2 0.71 68.7 188.3 2.7 247 375 (463) 76 6.3
* Temperature of 10% weight loss in air and argon.
Table 2. Optical properties of poly(phenylquinoxaline)s in solutions and films
AL onm *! Al nm *2
Polymer e e Eypp, €V *3 Aonset> NM *4
solution solution film
PPQ-1 347 (422) 491 525 2.68 463
PPQ-2 359 (397) 478 500 2.81 441

1 Absorption spectra maximum for polymers.
*~ Fluorescence spectra maximum for polymers.

*3 Optical energy gap width for polymer found from equation Ejpr = 1240/ Ao pget-

*4 Aonset 1S the absorption spectrum onset in polymers.

range of organic aprotic and chlorinated solvents, such
as DME DMA, DMSO, chloroform, and dichloro-
ethane.

Thermal properties of PPQ were studied by ther-
mogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC), and the results are given in
Table 1. Polymers PPQ-1 and PPQ-2 exhibit good
thermal stability in air and argon with T}y, 492,
375 and 515, 463°C, respectively. Polymer PPQ-2 has
a lower stability as compared with PPQ-1 probably
because of the presence of an aliphatic fragment. The
glass transition temperature of polymers PPQ-1 and
PPQ-2 is rather high, 344 and 247°C, respectively
(Table 1). Both polymers show high viscosity charac-
teristics, which enables the preparation of films with
high strength characteristics. The tensile strength and

1.0

e
W

Optical density,
arb. units

elongation of polymers PPQ-1 and PPQ-2 are 86,
76 MPa and 5.2, 6.3%, respectively.

Optical properties of the polymers were studied by
UV and photoluminescence spectroscopy in solution
and as thin films; selected characteristics are presented
in Table 2. Figure 2 shows typical fluorescence curves
for solution and solid films. The absorption spectra for
polymers PPQ-1 and PPQ-2 in chloroform display
maxima at 347 (422) and 359 (397) nm, respectively.
The PPQs strongly fluoresce in chloroform. They
exhibit green emission with fluorescence maxima in
solution at 491 and 478 nm, respectively. The polymers
in solid films also fluoresce with maxima at 525 and
510 nm, respectively. The optical energy gap width
(E,p) found from the absorption spectra of films is
2.68 and 2.81 eV, respectively.
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Fluorescence intensity,
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Fig. 2. Absorption spectra of PPQ-1 (/) and PPQ-2 (2) and fluorescence spectra of PPQ-1 (1') and PPQ-2 (2') in chloroform
solution, fluorescence spectra of PPQ-1 (/") and PPQ-2 (2") as films. Excitation wavelength is 350 nm.
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EXPERIMENTAL

The 'H and 3C NMR spectra of the initial com-
pounds and polymers were recorded on a Bruker
Avance-400 spectrometer operating at 400.13 and
100.62 MHz, respectively. The IR spectra were
obtained on a Perkin-Elmer 1720-X IR FT spectro-
meter. TGA was performed on a Perkin-Elmer TGA-7
instrument at a heating rate of 20 K/min. The molec-
ular weight distribution was analyzed by GPC using a
Bruker LC21 liquid chromatograph with refractomet-
ric and UV detectors. Chromatography conditions:
methylene chloride, 1 mL/min, A = 390 nm. Calibra-
tion was performed using PS standards. The absorp-
tion spectra of thin-layer structures were recorded on
a PC2000 fiber-optical spectrophotometer. The fluo-
rescence spectra of the polymers were recorded on a
Hitachi 850 spectrofluorimeter.

1,6-Dibromopyrene (I). Twenty grams of pyrene
and 500 mL of carbon tetrachloride were placed into a
2-L two-necked flask. A solution of 10 mL of bromine
in 500 mL of carbon tetrachloride was added dropwise
with vigorous stirring at ambient temperature for 5 h.
The mixture was stirred under the same conditions for
12 h. The precipitate was separated by filtration and
recrystallized from toluene. Yield, 61%; T,,, = 220—
222°C (lit.: 221-222°C).

1,6-Diethynylpyrene (II). 1,6-Dibromopyrene
(13.8 g, 38.8 mmol), 7.52 g (76.6 mmol) of trimethyl-
silylacetylene, 0.8 g of a palladium catalyst, 0.48 g of
Cul, 0.5 g of Ph;P, and 550 mL of triethylamine were
placed in a 700-mL three-necked flask equipped with
a reflux condenser, a stirrer, and an argon inlet. The
reaction mixture was heated at reflux with stirring for
10 h. The precipitate was separated by filtration, the
solvent was removed to dryness. The residue was
recrystallized from hexane. Yield, 75%; T,,, = 200—
202°C (lit.: 199—200°C).

'H NMR (CDCl, 8, ppm): 0.39 (s, 18H), 8.10—
8.13, 8.55-8.58 (m, SH).

A mixture of 2.1 g (5.3 mmol) of the prepared
1,6-bis(trimethylsilylethynyl)pyrene, 300 mL of
diethyl ether, 200 mL of methanol, and 100 mL of
1 N aqueous NaOH was stirred at ambient tempera-
ture for 6 h. The organic layer was separated and dried
with magnesium sulfate. After removal of the solvent,
the residue was crystallized from a hexane—benzene
mixture. Yield, 48%.

'HNMR (CDCl,, 8, ppm): 3.64 (s, 2H), 8.52 (d, 2H),
8.35—8.32 (m, 4H, Ar), 8.24 (d, 2H).

1,6-Bis(phenylethynyl)pyrene (III). A three-
necked 700-mL flask equipped with a reflux con-
denser, a stirrer, and an argon inlet was charged with
9.7 g (38.8 mmol) of 1,6-diethynylpyrene, 7.8 g

(76.6 mmol) of bromobenzene, 0.8 g of a palladium
catalyst, 0.48 g of Cu I, 0.5 g of Ph;P, and 550 mL of
triethylamine. The reaction mixture was stirred under
reflux for 10 h. The precipitate was separated by filtra-
tion, and the solvent was evaporated to dryness. The
residue was recrystallized from butyl acetate. Yield,
85%; Ty, = 193—194°C.

'H NMR (DMSO, 8, ppm): 8.6 (s, 2H), 8.2—8.5
(m, 6H), 7.8 (s, 4H), 7.5 (s, 6H).

1,6-Bis(phenylglyoxalyl)pyrene (IV). IR (KBr, v,
cm™): 1668.

'HNMR (DMSO, 3, ppm): 9.49 (d, 2H), 8.60—8.57
(m, 4H), 8.47 (d, 2H), 8.10 (d, 4H), 7.83 (t, 2H),
7.70—7.60 (m, 4H).

1-Bromopyrene (V). A 2-L two-necked flask was
charged with 20.225 g (100 mmol) of pyrene and
500 mL of DME A solution of 17.779 g (100 mmol) of
bromosuccinimide in 500 mL of DMF was added
dropwise with vigorous stirring at ambient tempera-
ture for 2 h and allowed to stand overnight. The pre-

cipitate was separated by filtration and recrystallized
from hexane. Yield, 78%; T,,, = 100—103°C.

1-Ethynylpyrene (VI). The compound was synthe-
sized similarly to compound II. Yield, 95%; T,,, =
110—111°C.

IR (KBr, v, cm™!): 2097.

'"HNMR (CDCl,, 8, ppm): 3.63 (s, 1H), 8.58 (d, 1H),
8.24—8.02 (m, 8H).

2,7-Bis(1-ethynylpyrene)-9,9'-dioctylfluorene (VII).
The compound was synthesized similarly to com-
pound III. Yield, 65%.

'H NMR (CDCl,, 5, ppm): 0.73 (4H), 0.8 (m,
6H), 1.12 (12H), 1.18—1.21 (m, 4H), 2.10—2.13 (m,
4H), 7.72 (s, 2H), 7.75—7.80 (m, 4H), 8.03—8.13 (m,
6H), 8.16 (d, 2H), 8.21—8.27 (m, 8H), 8.75 (d, 2H).

13C NMR (CDCl,, 8, ppm): 13.97, 22.51, 23.74,
29.21, 29.98, 31.72, 40.38, 55.35, 89.07 (C=C), 96.19

(C=C), 117.90, 120.06, 122.21, 124.29, 124.49,
125.53, 125.90, 126.15, 127.17, 128.05, 128.24,
128.85, 129.55, 129.90, 130.89, 131.03, 131.15,

131.20, 131.79, 140.80, 151.25.

2,7-Bis(1-glyoxalylpyrene)-9,9'-dioctylfluorene
(VIII) was obtained similarly to compound IV.

IR (KBr, v, cm™!): 1668.
'H NMR (CDCl,, 8, ppm): 9.64—9.62 (d, 2H),
8.41-8.00 (m, 20H), 7.86 (d, 2H), 2.20—0.50 (m, 34H).

3C NMR (CDCl;, 8, ppm): 13.99, 22.49, 23.83,
29.06, 29.70, 31.61, 39.66, 55.82, 121.29, 123.96,

123.99, 124.58, 126.70, 126.98, 127.09, 127.34,
130.39, 131.14, 131.18, 131.33, 123.82, 124.81,
DOKLADY CHEMISTRY Vol. 456 Part 1 2014
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124.99, 130.32, 130.80, 131.58, 133.45,
145.53, 152.99, 194.78 (C=0), 197.37 (C=0).

Poly(phenylquinoxaline) PPQ-1. A 25-mL three-
necked flask equipped with a mechanical stirrer, a
reflux condenser, and an argon inlet was charged with
0.2143 g (1 mmol) of 3,3'.4,4'-tetraminodiphenyl,
0.9032 g (1 mmol) of bis(a-diketone) VIII, and
2.5 mL of m-cresol. The reaction mixture was stirred
at ambient temperature for 2 h, next temperature was
increased to 170°C and heated under these conditions
for 5 h. Then the solution of polymer was cooled and
poured into 10-fold excess of acetone. The precipitate
of polymer was separated by filtration, washed with
alcohol, and dried in a vacuum at 100°C. The reduced
viscosity of PPQ-1 was 0.81 dL/g in m-cresol at con-
centration 0.5 g/dL and 25°C. PPQ-2 was obtained in
similar manner, its characteristics are presented in
Table 2.
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