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ORIGINAL ARTICLE

Poly(arylene sulfone)s containing 9,9’-spirobifluorene:
synthesis and excellent optical properties

Hitoshi Okuda, Ryota Seto, Yasuhito Koyama and Toshikazu Takata

Poly(arylene sulfone)s (PASs) containing a 9,9"-spirobifluorene (SBF) skeleton in the main chain were synthesized in high yields
by the oxidation of the corresponding poly(arylene thioether)s. The PASs exhibited good thermal stability (T, 257-370 °C,
T45>400 °C under nitrogen) and showed high solubility in ordinary organic solvents, such as CHCI3, N-methylpyrrolidone (NMP)
and N,N-dimethyl formamide (DMF). All films of PASs showed higher refractive indices in the range of 1.65-1.67 at 587.6 nm
than those of commercially available polysulfone, whereas they hardly showed birefringence. These excellent optical and thermal

properties are derived from the C, symmetry and high aromatic component of the SBF moiety.
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INTRODUCTION
A Cardo structure is defined as the structure with aryl substituents at
the quaternary carbon center of the alicyclic moiety to occupy
different planes. These Cardo structures have attracted a considerable
interest because of their unique properties. 9,9-Diarylfluorene (DAF)
is a representative Cardo structure. DAF-containing polymers have
been extensively studied in terms of characteristic properties such as
low optical anisotropy, low crystallinity, thermal stability and high
refractive index.! On the other hand, 9,9"-spirobifluorene (SBF) has a
similar structure to DAF and is composed of a condensed aromatic
skeleton that seems attractive as a repeating structure of polymers for
high refractive index materials (Figure 1). Therefore, SBF-containing
polymers (SBF polymers) can be regarded as Cardo polymers like
DAF-containing polymers (DAF polymers). There have been a few
reports on polymers containing the SBF skeleton, which is introduced
by linking the 2 and 2’ positions of SBF with a spacer unit into the
polymer main chain.>” Actually, the polymers showed a high refrac-
tive index and a low birefringence in addition to high thermal stability
and high solubility. These properties resemble those of polymers
containing a DAF skeleton.8-10

We recently reported the synthesis of poly(arylene thioether)s
(PTEs) containing the SBF skeleton that showed a high refractive
index (1.68-1.73) and a very low birefringence in addition to high
thermal stability and high solubility.> Although the PTEs were
amorphous and created tough transparent polymer films, it was
impossible to prevent yellowing, probably due to the charge transfer
interaction between the polymer chains along with the extended
conjugated structure. According to our previous approach for DAF
polymers for decoloring, we attempted to decrease the coloring by the
oxidation of the PTEs to the corresponding polysulfones.!! Several

poly(arylene sulfone)s are widely used as ultra-high-performance
engineering plastics in a variety of industrial fields because of their
excellent properties, such as high thermal stability, high hydrolytic
stability, low flammability, high stability toward both acid and
base, size precision and so on.'>”!* In this paper, we describe the
preparation and properties of SBF-containing PASs derived from
the oxidation of the corresponding PTEs. The results revealed that the
SBF polymers actually had excellent chemical, physical and optical
properties like the DAF polymers.

EXPERIMENTAL PROCEDURE

Materials

9,9’-SBF-2,2’-bis(N,N-dimethylcarbamothioate) (1) and PTEs were prepared
according to the literature.> Other materials were commercially available and
used without further purification.

Measurements

'H- and !*C nuclear magnetic resonance (NMR) spectra were recorded on a
JEOL AL-400 spectrometer (JEOL, Tokyo, Japan) using CDCl; as the solvent
and tetramethylsilane as an internal standard. The molecular weight and its
distribution were estimated by size exclusion chromatography (SEC) on a
JASCO Gulliver system (JASCO, Tokyo, Japan) equipped with two consecutive
linear polystyrene gel columns (Tosoh TSK-gel GMHXL and G5000HXL;
TOSOH, Tokyo, Japan) at 30°C (flow rate 0.85mlmin~!) according
to polystyrene standards, using CHCl; as the eluent. The glass transition
temperatures (T,) were measured with a Shimadzu DSC-60 instrument
(Shimadzu, Kyoto, Japan) at a heating rate of 10 °Cmin~! under a nitrogen
flow of 50mlmin~!. Thermogravimetric analysis was performed with a
Shimadzu TGA-50 instrument at a heating rate of 10 °C min™' under a nitrogen
atmosphere and in an air atmosphere (flow rate 50 ml min~'). The solubility of
the polymers was evaluated by using 3 mg of polymer to 1ml of solvent.
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Figure 1 The structures of SBF, DAF and PTE.

Fourier transform infrared (IR) spectra were recorded on a JASCO FT/IR-460
Plus spectrophotometer. Melting points were measured with a Stuart Scientific
SMP3 (Bibby Scientific, Stone, UK). Ultraviolet-visible (UV-vis) spectra were
recorded on a JASCO V-550 UV-vis spectrometer. The refractive indices of the
polymers were measured with an Abbe refractometer (DR-M2/1550, ATAGO
Co. Ltd, Tokyo, Japan). The birefringence values of the films were evaluated by
taking the pictures of the film placed between two cross-axis polarizing films.
Retardations were measured using a polarized optical microscope (OPTIPHO-
TO-POL, Nikon Co. Ltd, Tokyo, Japan) under the cross-Nicols (588 nm). The
transmittance of the films was evaluated using a UV-visible spectrophotometer
(JASCO V-550) across a scanning range of 300-700 nm.

Film preparation

Polymer films of the PASs were prepared for the evaluation of the refractive
index and birefringence with a casting method using the NMP solutions of the
corresponding polymers at 150 °C. The films used for the evaluation of
transmittance were prepared by a spin-coating method, using the CHCl;
solutions of the corresponding polymers at room temperature (film thickness:
13-25 pm).

Typical procedure for the synthesis of PAS, PAS1

A suspension of PTE, PTE1 (0.540 g, 0.867 mmol) in HCOOH (11 ml) was held
in a 30-ml round-bottom flask and then heated to 50 °C. H,0, (30% aqueous,
5.5ml) was added dropwise to the mixture and kept at the same temperature
for 2h. After cooling to room temperature, the precipitates were collected by
filtration to give the corresponding polymer PAS1 as a white solid in a 93%
yield (0.560¢g).

PASI: M, 17000, M,/M, 1.4, Ty 293°C, Tgs 510°C, 'H NMR (400 Hz,
CDCl3, 298K) ¢ 7.97 (d, J=7.9Hz, 2H), 7.92 (d, J=7.9Hz, 2H), 7.88 (d,
J=7.3Hz, 2H), 7.84 (d, ]=8.7 Hz, 4H), 7.74(d, J=8.7 Hz, 4H), 7.40 (dd, J=7.3,
7.3Hz, 2H), 7.30 (s, 2H), 7.17 (dd, J=7.3, 7.3 Hz, 2H), 6.64 (d, J=7.3 Hz, 2H);
IR (KBr): v 3060, 1671, 1596, 1398, 1321, 1150, 1091, 928, 720, 608 cm ™.

PAS2: A white solid (93%) M,, 50000, M/M, 1.4, T 279 °C, Tys 541 °C, H
NMR (400 Hz, CDCls, 298 K) 6 7.99 (d, J=8.3 Hz, 2H), 7.94 (d, J=8.3 Hz, 2H),
7.89 (d, J=7.6 Hz, 2H), 7.86 (d, ]=8.6 Hz, 4H), 7.82 (d, J=8.6 Hz, 4H), 7.80 (s,
4H), 7.42 (dd, J=7.6, 7.6 Hz, 2H), 7.33 (s, 2H), 7.18 (dd, J=7.6, 7.6 Hz, 2H),
6.66 (d, J=7.6 Hz, 2H); IR (KBr) v 3060, 1664, 1596, 1398, 1322, 1268, 1149,
1091, 924, 745, 695, 617 cm™ 1.

PAS3: A white solid (94%) M,, 32000, M/M, 1.4, T 257 °C, Tys 488 °C, H
NMR (400 Hz, CDCls, 298 K) & 8.00 (d, J=8.3 Hz, 2H), 7.98 (brd, 2H), 7.93—
7.89 (m, 4H), 7.85 (d, J=8.3Hz, 2H), 7.82-7.80 (m, 5H), 7.41 (dd, J=7.6,
7.6 Hz, 2H), 7.35 (s, 2H), 7.18 (dd, J=7.6, 7.6 Hz, 2H), 6.65(d, J=7.6 Hz, 2H),
1.31 (s, 9H); IR (KBr) v 3062, 1670, 1590, 1397, 1324, 1247, 1151, 1092, 1003,
710, 613cm™ L.

PAS4: A white solid (92%) M, 19000, M,/M, 1.2, T, 326 °C, Tys 473 °C,'H
NMR (400 Hz, CDCls, 298 K) § 8.18 (d, J=8.0 Hz, 4H), 7.97 (d, J=7.9 Hz, 2H),
7.92 (d, J=7.9 Hz, 2H), 7.88-7.86 (m, 6H), 7.40 (dd, J]=7.6, 7.6 Hz, 2H), 7.30
(s, 2H), 7.16 (dd, J=7.6, 7.6 Hz, 2H), 6.63 (d, J=7.6 Hz, 2H); IR (KBr) v 3052,
1542, 1407, 1322, 1150, 1092, 1014, 754, 617 cm™ .

PAS5: A white solid (94%) M, 29000, M,,/M, 1.7, T, 370 °C, Tys 425 °C,'H
NMR (400 Hz, CDCl3, 298 K) 6 7.98 (d, J=7.8 Hz, 2H), 7.92 (d, J=7.8 Hz, 2H),
7.89 (d, J=7.4Hz, 2H), 7.84 (d, J=9.0Hz, 4H), 7.81 (d, J=9.0Hz, 4H), 7.42
(dd, J=7.4, 7.4Hz, 2H), 7.36 (d, J=8.6 Hz, 2H), 7.31 (s, 2H), 7.21 (d, J=8.6 Hz,
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Table 1 Synthesis of PASs by oxidation of the PTEs
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Entry PTE Mpx10%2 M,M2 Yield (%) Products M,x10%2 M,M,?
1 PTEL 1.7 15 93 PAS1 1.2 1.4
2 PTE2 5.7 1.8 93 PAS2 35 1.4
3 PTE3 2.7 1.6 94 PAS3 2.3 1.4
4 PTE4A 2.2 13 92 PAS4 16 1.2
5 PTE5S 3.5 23 94 PAS5 1.7 1.7
6 PTE6 2.2 14 90 PAS6 1.6 1.3

Abbreviations: PAS, poly(arylene sulfone); PTE, poly(arylene thioether).
2Estimated by SEC on the basis of polystyrene standards.

2H), 7.18 (dd, J=7.4, 7.4Hz, 2H), 6.65 (d, J=7.4Hz, 2H), 2.16 (s, 6H); IR
(KBr) v 3058, 1672, 1594, 1446, 1400, 1322, 1149, 1091, 976, 583 cm™ .

PAS6: A white solid (90%) M,, 21000, My/M, 1.3, T, 257 °C, Tys 532 °C, 'H
NMR (400 Hz, CDCl3, 298 K) 6 8.00 (d, J=8.2 Hz, 2H), 7.96 (d, J=8.2 Hz, 2H),
7.92-7.81 (m, 20H), 7.43 (dd, J=7.6, 7.6 Hz, 2H), 7.34 (s, 2H), 7.19 (dd, J=7.6,
7.6 Hz, 2H), 6.67 (d, J=7.6 Hz, 2H); IR (KBr) v 3060, 1666, 1596, 1399, 1268,
1151, 1091, 921, 754, 696, 614, 586 cm™.

RESULTS AND DISCUSSION

Synthesis of 9,9’-SBF-containing PASs

The synthesis of SBF-containing PTEs as a starting polymer was
carried out by the polycondensation of masked 2,2’-dithiol-9,9’-SBF
with difluoroarenes according to our previous report.® Treatment of
PTEs with 30% aqueous H,0, in HCOOH at 50 °C for 2 h afforded
the corresponding PASs in high yields (Table 1). The structures of
PASs were characterized by Fourier transform infrared and '"H NMR
spectroscopy (See Supplemetary Information). All polymers showed
characteristic signals at 1398 and 1091cm™! originating from a
stretching vibration of the SO, group. The completion of the reaction
was clearly confirmed by the chemical shift of the 'H NMR spectrum
(Figure 2). The chemical shifts of aromatic protons adjacent to the



9,9'-Spirobifluorene-containing poly(arylene sulfone)s
H Okuda et al

CHCl,
(o]
SAd!
a’ f
e d
i o b c | d
N . SE—_ o - M eens? N Nenid
y oA ¥ i 7 ' o
aba,’ ¢ L
hJL"k jlb'\n Ay n F;‘
__._/\‘ | S - \J‘JU\L L
p.p.m.
T T T T ] T
8 7.5 7 6.5 6 55

Figure 2 'H NMR spectra (400 MHz, 298 K, CHCI3) of PTE1 and PAS1.

sulfone groups were shifted to much lower fields compared with those
of their precursor PTEs, depending on the strong electron-withdraw-
ing inherence of the sulfone groups. The SEC profile showed little
change in molecular weight or molecular weight distribution before
and after oxidation, suggesting that the oxidation reaction did not
induce cleavage or a serious change of the polymer main chain
of PASs.

Solubility

The solubilities of PASs in various organic solvents are summarized
in Table 2. All polymers except for PAS6 were highly soluble in
polar solvents such as DMF and dimethyl sulfoxide because the SBF-
containing PTEs of the precursor were insoluble, which was consistent
with the high polarity of PASs. This result indicates that the SBF structure
is favorable to improve the solubility of polysulfones. The high solubility
of SBF is probably attributed to a suppression of the m—m stacking by
the steric hindrance between the polymer backbone due to the
perpendicularly crossed two fluorene units at the spiro carbon
center. On the other hand, PAS6 showed less solubility, probably due
to the intra- and intermolecular n—r stacking depending on the very long
and rigid spacer.

Thermal properties

The thermal properties of the PASs were characterized by thermo-
gravimetric analysis and differential scanning calorimetry. The
Tes were in a range from 257 to 370°C, which was higher in a
range of 40-60°C than those of PTEs (Table 3). Meanwhile, the
thermal decomposition temperature (Tg4s) of PASs in a N, atmosphere
were in a range from 425 to 541°C. Comparing the Tyss in N,
atmosphere with those in the air, little difference was observed except
for PAS4, which strongly indicated the oxidation resistance of the
sulfone group. The Tgs and Tgss of PASs were much higher than
those of commercial polysulfones (Udel-1700 (Solvay S. A., Bruxelles,
Belgium): Ty 190 °C, Tqjo 523 °C; PES-5200P (Sumitomo Chemical
Co. Ltd., Tokyo, Japan): T, 220 °C). The high T, and high Tgys of PASs
clearly suggest that the introduction of not only sulfone groups but
also rigid SBF skeleton moieties would induce the high thermal
stability of PASs.

Table 2 Solubility and the properties of films of the PASs

PAS CH.Cl, CHCI3 THF DMF DMAc NMP DMSO Toluene Film

1 ++ ++ + o+ + Clear, tough, brittle
2 ++ ++ +  ++ 4+ ++ ++ + Clear, tough, brittle
3 ++ ++ o+ = + + Clear, tough, brittle
4 ++ ++ 4+ + ++ +— + Clear, tough, brittle
5 ++ ++ + o+ +— - Clear, tough, brittle
6 + ++ - % + 4+ + —

Abbreviations: DMAc, N,N-dimethylacetamide; DMF, N,N-dimethyl formamide; DMSO, dimethyl
sulfoxide; NMP, N-methylpyrrolidone; PAS, poly(arylene sulfone); THF, tetrahydrofuran.

@The film could not be prepared.

Solubility was evaluated by dissolving 3 mg polymer in 1 ml solvent. ++, soluble; +, slowly
soluble; +—, soluble on heating; *, partially soluble on heating; —, insoluble.

Table 3 Thermal properties of PASs and PTEs

Tas°CP Ta10 CCP Tas (CCP Ta10(°CP
TS TS
PTE (°C) N, Air Ny Air  PAS (°C) N, Air N Air
1 228 466 446 485 474 1 293 510 509 537 538
2 210 493 494 539 552 2 279 541 537 558 551
3 216 469 489 493 508 3 257 488 489 513 519
4 270 482 478 491 502 4 326 473 438 498 487
5 273 456 439 478 479 5 370 425 429 449 452
6 219 468 477 488 511 6 257 532 531 552 558

Abbreviations: PAS, poly(arylene sulfone); PTE, poly(arylene thioether).
aGlass transition temperature was obtained at a heating rate of 10 °Cmin~! under nitrogen
(50ml min1).

b5% Decomposition temperature was obtained at a heating rate of 10 °Cmin~! under nitrogen or
in air.

Transparency

Except for PAS6 with long spacers, the transmittance of the films
reached 80% over 400 nm (Figure 3). The transparency of PASs is
attributed to their amorphous nature owing to the SBF moiety. The
cutoff wavelengths were ~ 340-360 nm, which were lower than those

Polymer Journal
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Figure 3 Transmittance of PASs films measured by a UV-vis spectrometer
(film thickness: 13-25um).

Table 4 Refractive index and birefringence values of PASs

Refractive index (n)

PAS 486 nm 588nm 656 nm Anp &

1 1.7015 1.6778 1.6717 0.0003
2 1.6940 1.6667 1.6561 0.0010
3 1.6934 1.6686 1.6584 0.0003
4 —b 1.6762 1.6669 0.0003
5 1.6820 1.6552 1.6457 0.0012
6 1.7078 1.6784 1.6674 0.0020
DAF-PAS2 1.6757 1.6530 1.6444 0.0011

Abbreviations: DAF, 9,9-diarylfluorene; PAS, poly(arylene sulfone).

2Retardation was measured by a polarizing optical microscopy under the crossed Nicols with a
light wavelength of 588 nm.

PNot determined.

of SBF-containing PTEs (330380 nm)® because of the decrease of the
effective conjugation length of PAS.

Optical properties

Table 4 summarizes the refractive indices and birefringence values of
PASs. As expected, the refractive indices at a typical wavelength of
588 nm were quite high: 1.67 (PAS1), 1.66 (PAS2), 1.66 (PAS3), 1.67
(PAS4), 1.65 (PAS5) and 1.67 (PAS6). The refractive index of PAS2
(1.66) was higher than that of DAF-containing polysulfone
(DAF-PAS2) (1.65) (Figure 4). Furthermore, the birefringence was
very low due to the optical isotropy of the SBF skeleton based on the
perfectly C, symmetric structure.

CONCLUSION

A series of novel high-performance SBF-containing PASs in the main
chain were synthesized via the oxidation of PTEs with H,0O, in
HCOOH. The PASs showed high thermal stability (T45>400°C
under a N, atmosphere, Ty>250°C) because of the sulfone group
and 9,9"-SBF skeleton and were highly soluble in ordinary organic
solvents in spite of the rigid polymer chain caused by the sulfone

n=0
w=0

o '5 Icl)
820

DAF-PAS2
Figure 4 The chemical structure of DAF-PAS2.

group. The PASs were decolored and exhibited much larger refractive
indices as a result of the high atom refraction of the SBF skeleton and
much lower degree of birefringence than those of DAF-containing
polysulfones. This paper showed that the SBF skeleton is quite a
desirable structure in improving the optical and thermal properties of
PASs to provide high-performance polymers with excellent optical
properties.
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