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Abstract

Novel through-space conjugated polymers based on poly(p-phenylene-ethynylene) (PPE) containing alternate [2.2]paracyclophane and
phenylamine moieties in the main chain were synthesized by the Sonogashira coupling reaction. Polymers were soluble in common organic
solvents, and transparent and uniform thin films of the polymers were obtained easily by casting or spin-coating from toluene solution.
According to the UV-vis absorption spectra, mt-electrons of the polymer were delocalized via the through-space interaction between the two
benzene rings in the cyclophane unit. The polymer exhibited strong blue emission in solution and in the solid state.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The organic light emitting diode (OLED) has recently
gained great importance as a flat panel display due to the
realization of its quick response, efficient luminance, and
wide varieties of colors, as compared to the conventional
liquid crystal [1]. Organic light-emitting polymers are
promising materials in terms of the feasibility in fine-tuning
their luminescent properties by manipulation of their
chemical structures. In addition, facile printing processes
for large-area flat-panel displays by spin-coating or by the
inkjet method are desirable. Although polymer-based light
emitting diodes (PLEDs) that produce all three primary
colors (red, green, and blue) have been developed, the green
and orange PLEDs currently satisfy the requirements of
commercial use. Therefore, various polymers for the intense
blue LED, such as polymers containing fluorene [2-6] and
biphenyl [7,8], have been synthesized and investigated.

In order to improve the efficiency of PLEDs, several
layers have been intercalated between two electrodes, e.g.
emitting-layer, charge-transporting layer, charge-injection
layer, hole-blocking layer, and so on [9-12]. Among them,
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the emitting- and charge-transporting layers are intrinsically
the most important building block, since effective transpor-
tation of the hole or the electron is crucial to achieve high
quantum efficiency. Nitrogen atom-containing polymers are
well known as emitting- and/or charge-transporting
materials, such as polyvinylcarbazoles, which are now
used for the photosensitive drum of a copy machine [13,14].
Due to their photoactivity, a number of polymers containing
nitrogen atoms have been synthesized, and their appli-
cations in optoelectronic devices, such as electro-photogra-
phy, light-emitting diodes, charge-transporting materials,
photo-refractive materials, and photo-voltaic devices, have
been investigated [15].

On the other hand, [2.2]paracyclophane has a unique
structure in which two benzene rings closely face each
other. A number of [2.2]paracyclophane derivatives have
been prepared, and their structural and electronic properties
resulting from characteristic interactions between the two
co-facial m-electron systems have been investigated in
detail [16-20]. However, only a few reports on conjugated
polymers containing cyclophane currently exist [21-27].
We recently reported the synthesis of well-defined
conjugated polymers containing a cyclophane skeleton in
their polymer backbone [28-39]. We found that the
obtained polymers exhibited an extension of
m-delocalization via the through-space interaction, and
they also exhibited intense photo- or electroluminescence.
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In this paper, we report on the successful synthesis of novel
[2.2]paracyclophane polymers having phenylamine units as
well as their emitting properties. The obtained polymers
exhibited a strong blue photoluminescence in solution and
in the solid state.

2. Experimental section
2.1. General

"H and '>C NMR spectra were recorded on a JEOL
EX400 spectrometer. All samples were analyzed in CDClj,
and the chemical shift values were expressed relative to
Me,Si as an internal standard. FT-IR spectra were obtained
on a Perkin—Elmer 1600 spectrometer. UV—-vis measure-
ments were carried out on JASCO V-530 spectrophotometer
at room temperature. Photoluminescence spectra were
recorded on a Perkin—Elmer LS50B luminescence spec-
trometer at room temperature. Gel permeation chromatog-
raphy was carried out on a TOSOH UV-8011 and RI-8000
(Shodex K-803L column) using CHCI; as an eluent after
calibration with standard polystyrene. Purification of the
obtained polymers was carried out on a recycling
preparative HPLC (Japan Analytical Industry Co. Ltd,
Model 918R) equipped with JAIGEL-1H and 2H columns
(GPC) using CHCl; as an eluent. Thermogravimetric
analysis (TGA) was made on a Seiko EXSTAR 6000
instrument (10 °C/min). High-resolution mass spectra
(HRMS) were obtained on a JEOL JMS-SX102A spec-
trometer. Elemental analysis was performed at the Micro-
analytical Center of Kyoto University.

2.2. Materials

THF was distilled from sodium benzophenone ketyl, and
triethylamine (TEA) was distilled from KOH. Phenylace-
tylene was fractionated and stored in nitrogen atmosphere.
Pd(PPh3),Cl,, Cul, and PPh; were obtained commercially,
and used without further purification. 4,16-Diethynyl[2.2]
paracyclophane 1 [33] and 4,4'-diiododiphenylamine 2a
[40] were prepared as described in the literature. Analytical
thin-layer chromatography (TLC) was performed with silica
gel 60 Merck Fjsy plates. Column chromatography was
performed with Wakogel C-300 silica gel. All reactions
were performed under N, atmosphere using standard
Schlenk techniques.

2.3. Monomer synthesis

2.3.1. 4,4'-Diiodo-N-octyldiphenylamine 2b

This was synthesized according to the modified
procedure as described in the literature [41]. To a solution
of tetrabutylammonium iodide (3.69 g, 10 mmol) in dry
toluene (25 ml), potassium hydroxide (2.25 g, 40 mmol),
diphenylamine (1.69 g, 10 mmol), and 1-bromooctane

(1.93 g, 10 mmol) were added. The mixture was treated
with an ultrasonic technique (IWAKI ultrasonic cleaning
bath containing an aqueous detergent solution) for 3 h. After
the reaction, water was added followed by usual isolation
procedures. The crude products were purified by Kugelrohr
to give N-octyldiphenylamine (yield 42%). This compound
was then iodized at 4,4'-positions by benzyltrimethyl-
ammonium dichloroiodate (BTMA-ICl,). To a solution of
N-octyldiphenylamine (422 mg, 1.5 mmol) in dichloro-
methane—methanol (15-6 ml) were added BTMA-ICI,
(1.04 g, 3.0 mmol) and calcium carbonate (210 mg). The
mixture was stirred for 24 h at room temperature. Excess
amount of calcium carbonate was filtered, and the filtrate
was condensed. To the obtained residue was added aqueous
NaHSOj; solution. The mixture was extracted with ether,
dried with Na,SO,, and concentrated under vacuum. The
crude product was purified on SiO, column with eluent
hexane (R;=0.26) to give 4,4'-diiodo-N-octyldiphenyl-
amine 2b in 89% yield.

'H NMR (400 MHz, CDCl5); 6 0.89 (t, J=6.4 Hz, 3H),
1.26 (m, 10H), 1.66 (m, 2H), 3.72 (t, J=7.6 Hz, 2H), 6.98
(d, J=8.0 Hz, 4H), 7.32 (m, 6H), 7.42 (d, /=8.0 Hz, 4H),
7.51(d, J=7.2 Hz, 4H). >*C NMR (100 MHz, CDCl;); 6
14.1, 22.6, 27.0, 27.4, 29.2, 29.3, 31.7, 52.2, 88.5, 89.6,
115.6, 120.5, 123.5, 127.8, 128.2, 131.3, 132.7, 147.2. Anal.
Calcd for CyoHpsIoN: C 45.05, H 4.73, N 2.63, 1 47.65;
found C 45.29, H4.76, N 2.62,147.49. HRMS (FAB): calcd
for CyoH,5ILN, 533.0077; found, 533.0075.

2.3.2. 4,4'-Diiodo-4"-pentyltriphenylamine 2¢

This was synthesized according to the modified
procedure as described in the literature [42]. A dried
round-bottomed flask equipped with condenser and
magnetic stirring bar was charged with Pd(OAc),
(89.8 mg, 0.40 mmol), NaO--Bu (577 mg, 6.0 mmol),
2,8,9-trisobutyl-2,5,8,9-tetraaza- 1-phosphabicyclo[3.3.3]
undecane (274 mg, 0.80 mmol), diphenylamine (676 mg,
4.0 mmol), 1-iodo-4-pentylbenzene (1.10 g, 4.0 mmol) and
dry toluene (40 ml) under N, atmosphere. The mixture was
then stirred at 80 °C for 24 h. After the reaction mixture was
cooled to room temperature, the crude solution was plugged
through the Celite column. The crude brown product was
purified by column chromatography on SiO, with eluent
hexane (R;=0.14) to give 4-pentyltriphenylamine in 71%
yield. To a solution of 4-pentyltriphenylamine (734 mg,
2.3 mmol) in dichloromethane—methanol (24-9 ml) were
added BTMA-ICI, (1.64 g, 4.7 mmol) and calcium carbon-
ate (326 mg). The mixture was stirred for 24 h at room
temperature. Excess amount of calcium carbonate was
filtered and the filtrate was condensed. To the obtained
residue was added aqueous NaHSO; solution. The mixture
was extracted with ether, dried with Na,SO,, and
concentrated under vacuum. The crude product was purified
on SiO, column with eluent hexane (R;=0.29) to give 4,4'-
diiodo-4"-pentyltriphenylamine 2¢ in 45% yield.

'"H NMR (400 MHz, CDCl5); 6 0.89 (t, J=6.4 Hz, 3H),
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1.26 (m, 10H), 1.66 (m, 2H), 3.72 (t, J=7.6 Hz, 2H), 6.98
(d, J=8.0 Hz, 4H), 7.32 (m, 6H), 7.42 (d, J=8.0 Hz, 4H),
7.51(d, J=7.2 Hz, 4H). *C NMR (100 MHz, CDCl;); 6
14.1, 22.6, 27.0, 27.4, 29.2, 29.3, 31.7, 52.2, 88.5, 89.6,
115.6, 120.5, 123.5, 127.8, 128.2, 131.3, 132.7, 147.2. Anal.
Caled for CapsHosLN: C 48.70, H 4.09, N 2.47, 1 44.74;
found C 48.78, H 4.17, N 2.33,144.52. HRMS (FAB): calcd
for Co3HysIbN, 566.9920; found, 566.9921.

2.4. Polymerization

A typical procedure is as follows [43]. A mixture of
monomers 1 (51 mg, 0.20 mmol), 2 (0.20 mmol),
Pd(PPh3),Cl, (14 mg, 0.020 mmol), Cul (3.8 mg,
0.020 mmol), PPh; (11 mg, 0.040 mmol), TEA (0.30 ml),
and THF (2.0 ml) was placed in the Schlenk tube equipped
with a magnetic stirring bar and a reflux condenser under N,
atmosphere. The mixture was stirred over 48 h at reflux
temperature. After the reaction mixture was cooled to room
temperature, ammonium salts were removed through Celite
and washed with THF several times. The filtrate was
condensed and poured into a large amount of MeOH to
precipitate the crude brown colored polymer. The crude
product was dissolved in CHCl;, washed with 10 wt%
aqueous NHj; in order to remove inorganic species, followed
by drying over Na,SO,. After removal of Na,SO,, the
solvent was condensed under reduced pressure. Finally, the
condensed liquid residue was poured into a large amount of
MeOH to give the yellow powder. Further purification was
carried out by recyclable preparative HPLC. After drying
under reduced pressure, polymer 3 was obtained as a yellow
powder.

3a. Yield: 37%. "H NMR (400 MHz, CDCl5); 6 3.23 (m,
8H), 6.02 (s, 1H), 6.54 (m, 2H), 6.59 (s, 2H), 7.05 (m, 2H),
7.15 (m, 4H), 7.53 (m, 4H). IR (film) 2201 cm ™.

3b. Yield: 94%. "H NMR (400 MHz, CDCl5); 6 1.30 (m,
15H), 3.23 (m, 8H), 3.78 (m, 2H), 6.52 (d, /=7.6 Hz, 2H),
6.59 (s, 2H), 7.06 (m, 6H), 7.52 (d, J=7.6 Hz, 4H). 1*C
NMR (100 MHz, CDCly); o 14.2, 22.7, 27.1, 29.3, 31.8,
34.0,34.2,50.9,52.3, 89.0,93.0, 116.3, 120.7, 124.9, 129.1,
132.6, 133.2, 137.0, 138.0, 139.4, 141.2, 147.2. IR (film)
2201 cm ™"

3c. Yield: 99%. 'H NMR (400 MHz, CDCl5); 6 1.30 (m,
9H), 2.60 (m, 2H), 3.21 (m, 8H), 6.51 (d, /=7.6 Hz, 2H),
6.58 (s,2H), 7.03 (d, J=7.6 Hz, 2H), 7.11 (m, 8H), 7.48 (m,

\Q /©/ Pd(PPhg),Clo/PPhy/Cul

4H). '3C NMR (100 MHz, CDCl5); 6 14.2,22.7, 31.3, 31.7,
34.0, 34.2, 35.5, 89.3, 92.9, 117.2, 123.0, 124.8, 125.6,
129.4, 130.0, 132.3, 133.1, 137.0, 139.2, 139.4, 141.8,
144.0, 147.2. IR (film) 2202 cm ™.

2.5. Synthesis of model compound 4

A mixture of phenylacetylene (102 mg, 1.0 mmol), 2b
(213 mg, 0.40 mmol), Pd(PPh3),Cl, (28 mg, 0.040 mmol),
Cul (7.6 mg, 0.040 mmol), PPh; (21 mg, 0.080 mmol),
TEA (1.0 ml), and THF (4.0 ml) was placed in the Schlenk
tube equipped with a magnetic stirring bar and a reflux
condenser under N, atmosphere. The mixture was stirred for
12 h at reflux temperature. After the reaction mixture was
cooled to room temperature, ammonium salts were removed
through Celite and washed with THF several times. The
filtrate was condensed and purified on SiO, column with
eluent hexane/CHCl; =3/1 (Ry=0.57). Further purification
was carried out by recyclable preparative HPLC. After
drying under reduced pressure, model compound 4 was
obtained as a brown oil in a yield of 33%.

"H NMR (400 MHz, CDCl5); 6 0.89 (t, J=6.4 Hz, 3H),
1.26 (m, 10H), 1.66 (m, 2H), 3.72 (t, J=7.6 Hz, 2H), 6.98
(d, J=8.0 Hz, 4H), 7.32 (m, 6H), 7.42 (d, J=8.0 Hz, 4H),
7.51(d, J=7.2 Hz, 4H). '>*C NMR (100 MHz, CDCl;); ¢
14.1, 22.6, 27.0, 27.4, 29.2, 29.3, 31.7, 52.2, 88.5, 89.6,
115.6, 120.5, 123.5, 127.8, 128.2, 131.3, 132.7, 147.2. Anal.
Calcd for C36H35N: C 89.55, H 7.33, N 2.84; found C 89.77,
H 7.33, N 2.90. HRMS (FAB): calcd for CszgH3sN,
481.2770; found, 481.2771.

3. Results and discussion

As shown in Scheme 1, according to the standard
Sonogashira coupling method [43], monomers 1 and 2a—c
can be easily polymerized to their corresponding polymers
3a—c in the presence of a catalytic amount of Pd(PPH3),Cl,/
PPh3/Cul in THF-TEA at reflux temperature for 48 h. After
the reaction, the inorganic salts were filtered, and the filtrate
was reprecipitated into a large amount of MeOH to obtain
crude polymers 3a—c. The polymers were then dissolved in
CHCI; and washed three times with aqueous NHj3 in order to
remove the metal species. Finally, low molecular weight
compounds including oligomers were completely removed

2aR=H
2b R = octyl
2¢ R = p-pentylphenyl

THF-Et3N
reflux, 48 h

3aR=H
3b R = octyl
3c R = p-pentylphenyl

Scheme 1.
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using the recycling preparative HPLC to produce target
polymers 3a—c in good yields. The results are summarized
in Table 1. In the case of the polymerization of 1 with 2a
(Table 1, run 1), due to the poor solubility of 3a, the yield
was lower than those obtained for 3b and 3c. Polymers 3b
and 3c exhibited good solubility in common organic
solvents such as THF, CH,Cl,, CHCI;, and toluene.
Polymers 3b and 3¢ could be processed into transparent
and uniform thin films by casting or spin-coating from
toluene solutions.

The molecular weight measurements were performed by
gel permeation chromatography (GPC) in eluent CHCl;
using the calibration curve of polystyrene standards, as
listed in Table 1. For example, the number-average
molecular weight (M,), the weight-average molecular
weight (M,,), and the molecular weight distribution (M,,/
M) of polymer 3b obtained in run 2 were 4300, 13300, and
3.1, respectively, thus providing the estimation of the
number-average degree of polymerization as eight.

The structures of the polymers were confirmed by their
]H, 3¢ NMR, and FT-IR spectra. In the '"H NMR spectrum
of 3b in CDCl; (Fig. 1), the signals of the alkyl chains were
dominant in the region of 0.9-1.7 and 3.8 ppm, and the
bridged methylenes of the [2.2]paracyclophane unit
appeared in the region of 2.9-3.7 ppm. The peaks between
6.5 and 7.5 ppm were assigned to the aromatic protons. In
the '>*C NMR spectrum of polymer 3b, the typical signals
for acetylenic carbons appeared at 89 and 94 ppm. A
carbon—carbon triple bond was also characterized by the FT-
IR spectrum, and the weak stretching vibration mode of the
bond was observed at approximately 2200 cm ™~ .

The thermal stability of polymer 3b was evaluated by
thermogravimetric analysis (TGA) under a nitrogen
atmosphere, and the result is shown in Fig. 2. This polymer
showed good thermal stability with a 10% weight loss
temperature of 390 °C at a heating rate of 10 °C/min. From
this TGA result, it is clear that this polymer has sufficient
thermal stability to be applied to light emitting materials.

Fig. 3 shows the UV—-vis absorption spectrum of polymer
3b, as a representative polymer, in CHCI; at room
temperature. The absorption maximum of 3b was observed
at 373 nm, which is attributed to the t—m* transition band of
the conjugated polymer backbone. Both the absorption
maximum and the absorption edge of polymer 3b were red-
shifted (Aax =362 nm), as compared to those of model
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Fig. 1. "H NMR spectrum of polymer 3b in CDCls.
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Fig. 2. Thermogravimetric analysis (TGA) of polymer 3b under N,
(10 °C/min).

compound 4 (Fig. 3), which was synthesized according to
Scheme 2. This result indicates that the 7-electrons were
delocalized along the polymer main chain of 3b. In other
words, the 7t-electrons were delocalized via the through-
space interaction between the two co-facial benzene rings of
the [2.2]paracyclophane unit.

Polymers 3a—c exhibited strong blue-light emission at
approximately 410 nm in dilute CHCl; solution at the
excitation wavelength of their absorption maximum
(Table 2, Fig. 4). The emission quantum efficiencies of

Table 1

Synthesis of polymers 3a—c

Run Polymer R (monomer) Yield® (%) M, M,° M IM,°
1 3a H (2a) 37 4400 2400 1.8

2 3b Octyl (2b) 94 13300 4300 3.1

3 3c p-Pentylphenyl (2¢) 99 21000 8000 2.6

Polymerization was carried out at reflux temperature for 48 h under N,.
# Isolated yields.
> GPC (CHCI,), polystyrene standards.
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Fig. 3. Absorption spectra of polymer 3b and model compound 4 in CHCl;
solution.

Table 2
Summary of the optical properties of polymers 3a—c

in CHCI3 film
=
=
=
2
=
5]
S
E
£
=3
4
300 400 500 600 700

Wavelength (nm)

Fig. 4. Fluorescence emission spectra of polymer 3¢ in CHCl; and in the
film state, on excitation at the absorption maximum.

Polymer

UV Apax”* (nm)

PL Aoy (nm)

Solution

Film

Solution Film

c
quL

3a 360
3b 373

d

378
386

406 _
410 e
416 460

0.18
0.65
0.70

3c 385

# Absorption and emission spectra were recorded in dilute CHCl; solution at room temperature.

Excited at absorption maxima.

¢ PL efficiencies in CHCl; determined relative to 9-anthracenecarboxylic acid in CH,Cl,.

4 Thin film was not obtained.

No emission was detected.

e

these polymers are relatively high; for example, the
efficiency of 3¢ was found to be 0.70 in dilute CHCl;
solution at room temperature using 9-anthracenecarboxylic
acid in dilute CH,Cl, solution as a standard (®=0.442)
[44]. Because of their bulky structure, strong emission of
polymer 3¢ was observed at the emission maximum around
460 nm, even in the solid state. The emission spectra in the
solid state were red-shifted by approximately 40 nm as
compared to those in solution. The emission maximum in
dilute CHCl; solution depended on the concentration and
was gradually red-shifted toward that in the film state as the
concentration was increased (Fig. 5). This result indicates a
relatively strong intermolecular interaction of the con-
jugated chains in the solid state.

15X 104
1.0X 108
1.0X 1072

Intensity (a.u.)

350 400 450 500 550 600
Wavelength (nm)

Fig. 5. Dependence on concentration of fluorescence spectra of polymer 3¢
in CHCl; solution on excitation at the absorption maximum.

Cl 9
Pd(PPhj),Cl,/PPhy/Cul N 7
— +
<:> 2b THF-EtgN O \ O

reflux, 12 h

;"CBHW
4

Scheme 2.
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4. Conclusion

Novel conjugated cyclophane polymers combined with
phenylamine units based on PPE were prepared according to
the Sonogashira coupling reaction. These polymers could be
easily processed to obtain uniform thin films with good
thermal stability. Polymer 3¢ exhibited strong blue
photoluminescence in solution and greenish-blue in the
solid state. According to the study on the concentration
effect of photoluminescence, the aggregation or the
intermolecular interaction of the polymer chain would
occur in the film state as well as in the concentrated solution.
Future work will focus on investigating the contribution of
the cyclophane unit for applications in hole-transporting
materials and light-emitting materials.
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