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Abstract

A series of aromatic poly(ether imide)s containing 9,9’-spirobifluorene moieties in the main chain have been synthesized via the
polycondensation of 2,2'-bis(4-aminophenoxy)-9,9’-spirobifluorene with a variety of aromatic dianhydrides. In the diamine monomer, the
two aminophenoxyfluorene entities are orthogonally arranged and are connected through an sp® carbon atom (the spiro center). The resulting
poly(ether imide)s have a polymer backbone which is periodically twisted with an angle of 90° at each spiro center. This structural feature,
which restricts the close packing of the polymer chains and reduces inter-chain interactions, leads to amorphous poly(ether imide)s with good
solubility in common organic solvents. In addition, the rigidity of the main chain of these polymers appears to be preserved due to the
spiro-structure. As a result, these poly(ether imide)s exhibit a high T, and excellent thermal stability.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aromatic polyimides possess outstanding thermal,
mechanical, and electrical properties, as well as excellent
chemical resistance. But their poor processability imposes
limitations to their areas of application [1,2]. Therefore,
much research effort has been focused on the synthesis of
soluble polyimides without deteriorating their otherwise
excellent properties [3]. Typical approaches include the
introduction of bulky lateral groups [4-9], flexible linkages
[10,11], and kinked [12—14] or unsymmetrical structures
[15,16] into the polymer backbone.

Previous studies have shown that incorporating a
spirobifluorene linkage into the structure of small mol-
ecules, as well as polymeric materials, leads to a reduction
in crystallization tendency, an enhancement in solubility,
and an increase in glass transition temperature [17-25]. In
light of these observations, we aimed to synthesize a series
of poly(ether imide)s which contain spiro-skeletal units,
along with flexible ether linkages, in the polymer main
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chain, based on a new spiro-fused diamine monomer. The
spirobifluorene monomer consists of two identical amino-
phenoxyfluorene moieties connected through a common
tetracoordinate carbon atom (the spiro center). In the spiro-
segment, the rings of the connected bifluorene entities are
orthogonally arranged [17,26,27]. The resulting polyimides
would be expected to have a polymer backbone, which is
periodically twisted with an angle of 90° at each spiro-
center. This structural feature would restrict the close
packing of the polymer chains and reduce the probability of
interchain interactions, resulting in high polymer solubility.
Furthermore, the main chain rigidity of the polyimide would
be preserved due to the spiro-structure, which restricts the
free segmental mobility.

Herein, we describe the synthesis of the novel spiro-
fused diamine monomer, 2,2'-bis(4-aminophenoxy)-9,
9'-spirobifluorene (6), starting from 2,2'-dihydroxy-9,
9'-spirobifluorene [28]. This diamine was subjected to
polymerization with a variety of aromatic dianhydrides,
and the properties of the resulting poly(ether imide)s
were studied. These polyimides were found to be highly
soluble in common organic solvents and possess good
thermal stabilities.
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2. Experimental section
2.1. Materials

2,2'-Dihydroxy-9,9’-spirobifluorene (4) was prepared as
described in the literature [28]. The dianhydrides 3,3',4'4'-
biphenyltetracarboxylic dianhydride, 4,4'-oxydiphthalic
anhydride, 3,344 -benzophenonetetracarboxylic dianhy-
dride, and 4,4'-(4,4'-isopropylidenediphenoxy)bis(phthalic
anhydride) were recrystallized from acetic anhydride and
dried at 150 °C under reduced pressure prior to use. 4,4'-
(hexafluoroisopropylidine)diphthalic anhydride was sub-
limed before use. m-Cresol was freshly distilled under
reduced pressure and isoquinoline was used as received.

2.2. Characterization

'H and '>C NMR spectra were recorded with a Varian
Unity 300 MHz or a Bruker-DRX 300 MHz spectrometer.
IR spectra were taken with a Nicolet 360 FT-IR spec-
trometer. Differential scanning calorimetry (DSC) was
performed with a DuPont TA 2000 instrument using a
heating/cooling rate of 20 °C min~'. Samples were scanned
from 30 to 400 °C and then cooled to 30 °C and scanned for
a second time over the same range. The glass transition
temperature (7,) was determined from the second heating
scan. Thermogravimetric analysis (TGA) was made with a
DuPont TGA 2950 instrument. The thermal stabilities of all
samples were determined in nitrogen by measuring weight
loss while heating at a rate of 20 °C min~'. Mass spectra
were obtained with a JEOL JMS-SX/SX 102A mass
spectrometer. Gel permeation chromatography (GPC) was
carried out with a Waters chromatography connected to a
Waters 410 differential refractometer. Three, 5 wm Waters
styragel columns (300 X 7.8 mm?) were connected in series
and in decreasing order of pore size (10°, 10* and 10° 10%),
with DMF as the eluent; PMMA standard samples were
used for calibration. Wide-angle X-ray diffraction patterns
were obtained at room temperature with a Rigaku XRD-RU
200 (Cu Ka, 40 mA, 30 kV) at a sampling step of 0.02° and
a scan rate of 5°min ', X-ray crystal structure determi-
nation was performed with a Bruker SMATER APEX
diffractometer using graphite monochromated Mo Ka
radiation (A = 0.7107 A). Structure analyses were per-
formed utilizing the SHELXTL/PC program.

2.3. 2,2'-Bis(4-nitrophenoxy)-9,9'-spirobifluorene (5)

To a solution of 2,2’-dihydroxy-9,9'-spirobifluorene (4)
(3.80 g, 10.9 mmol) in DMF (15 ml) was added potassium
carbonate (4.52 g, 33.0 mmol) and 4-fluoronitrobenzene
(2.50 ml, 23.0 mmol). The mixture was stirred at 60 °C for
8 h under nitrogen. After cooling, the resulting solution was
slowly added into 120 ml of water. The precipitated solid
was collected by filtration and dried under vacuum. The
crude product was recrystallized from acetonitrile to afford

crystalline dinitro compound 5 (5.75 g, 89.3%), mp. 191 °C.
IR (KBr, cm ™ 1): 1603, 1588, 1573, 1511, 1475, 1450, 1342,
1260, 1245, 1163, 1112, 871, 845, 753. '"H NMR (DMSO-
dg): 6 6.47 (d, 2H, J = 2.0 Hz), 6.67 (d, 2H, J = 7.5 Hz),
6.98 (d, 4H, J =9.0Hz), 7.15 (dd, 2H, J=17.5, 7.5 Hz),
7.21 (dd, 2H, J=18.3, 2.0Hz), 7.41 (dd, 2H, J=1.5,
7.5 Hz), 8.00 (d, 2H, J = 7.5 Hz), 8.10 (d, 2H, J = 8.3 Hz),
8.12 (d, 4H, J = 9.0 Hz). >*C NMR (DMSO-d): 6 162.8,
154.2, 150.2, 147.8, 142.2, 140.3, 138.7, 128.3, 128.0,
126.0, 123.4,122.4,120.7, 120.5, 117.1, 115.7, 65.4. HRMS
(m/z): 590.1478. Calcd 590.1478 for C37H2,N,04.

2.4. 2,2'-Bis(4-aminophenoxy)-9,9'-spirobifluorene (6)

A mixture of dinitro compound 5 (4.45 g, 7.54 mmol)
and 10% Pd-C (225 mg, 5 wt%) in 60 ml of ethanol was
stirred under a hydrogen atmosphere for 10h at room
temperature. The resulting solution was filtered through
celite to remove the catalyst and the filtrate was concen-
trated under reduced pressure to strip off approximately
two-thirds of the solvent. On cooling the concentrated
solution, white crystalline solid precipitated out. The solid
was filtered and dried under vacuum to yield the pure
diamine monomer 6 (3.31 g, 82.8%), mp: 232 °C. IR (KBr,
em™1): 3457, 3375, 1614, 1578, 1511, 1480, 1455, 1250,
1209, 866, 830, 748, 738. "H NMR (DMSO-d;): 5 4.96 (br s,
4H), 6.07 (d, 2H, J = 2.4 Hz), 6.48 (d, 4H, J = 8.7 Hz),
6.57 (d, 2H, J = 7.5 Hz), 6.62 (d, 4H, J = 8.7 Hz), 6.86 (dd,
2H, J = 8.4, 2.4 Hz), 7.06 (dd, 2H, J=17.5, 7.5 Hz), 7.34
(dd, 2H,J =17.5,7.5 Hz), 7.86 (d, 2H, J = 7.5 Hz), 7.88 (d,
2H, J = 8.4 Hz). 3C NMR (DMSO-dq): & 159.0, 150.0,
147.9, 1454, 145.3, 140.8, 135.1, 128.0, 127.1, 123.3,
121.7,120.6, 120.0, 116.4, 114.7, 111.5, 65.3. HRMS (m/z):
530.1984. Calcd 530.1994 for C37H,6N,0,.

2.5. Polymerization

A typical polymerization procedure is as follows. To a
solution of 2,2-bis(4-aminophenoxy)-9,9'-spirobifluorene
(6, 265 mg, 500 wmol) in 2.5 ml of freshly distilled m-
cresol, 4,4'-(hexafluoroisopropylidine)diphthalic anhydride
(7a, 222 mg, 500 pmol) and isoquinoline (2—3 drops) as a
catalyst were added at room temperature and stirred for
30 min under nitrogen atmosphere. The reaction mixture
was then stirred at 70—80 °C for 4 h, and heated to 220 °C,
with stirring, for 8 h. After cooling, the viscous solution was
added slowly into methanol (80 ml) and the colorless fibrous
solid was collected by filtration, washed thoroughly with
methanol and dried under vacuum at 100 °C to afford the
corresponding polyimide 8a. The poly(ether imide)s 8a—e
were further purified by reprecipitating from DMF into
methanol several times.

8a: Yield 94%. IR (KBr, cm ™ '): 1779, 1726, 1598, 1480,
1450, 1374, 1255, 1189, 835, 733. "H NMR (CDCl5): 6 6.54
(d, 2H, J = 2.2 Hz), 6.74 (d, 2H, J = 7.5 Hz), 6.98 (d, 4H,
J=9.1Hz), 7.03 (dd, 2H, J = 8.3, 2.2 Hz), 7.08 (dd, 2H,
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J=1.5, 7.5Hz), 7.26 (d, 4H, J = 9.1 Hz), 7.33 (dd, 2H,
J=175, 7.5Hz), 7.76 (d, 2H, J = 7.0 Hz), 7.78 (d, 2H,
J = 8.3 Hz), 7.81 (d, 2H, J = 8.8 Hz), 7.87 (s, 2H), 7.95 (d,
2H, J = 8.8 Hz). '>*C NMR (CDCl;): 6 166.2, 166.0, 157.6,
155.9, 150.7, 148.3, 141.0, 139.0, 138.0, 135.8, 132.6,
132.3, 128.0, 127.9, 125.7, 125.3, 124.0, 123.9, 121.1,
119.8, 119.3, 118.3, 115.9, 65.8.

8b: Yield 93%. IR (KBr, cm ™ 1): 1777, 1721, 1608, 1511,
1475, 1445, 1368, 1260, 1235, 1081, 851, 738. 'H NMR
(CDCls): 8 1.71 (s, 6H), 6.53 (d, 2H, J = 2.1 Hz), 6.73 (d,
2H, J=17.5Hz), 6.93 (d, 4H, J=9.0 Hz), 6.97 (d, 4H,
J = 8.8 Hz), 7.02 (dd, 2H, J = 8.4, 2.3 Hz), 7.07 (dd, 2H,
J=1.6,7.6 Hz), 7.23-7.35 (m, 14H), 7.74-7.78 (m, 6H).
13C NMR (CDCly): & 166.8, 163.7, 157.3, 155.9, 152.6,
150.7, 148.3, 147.5, 141.0, 138.0, 134.2, 128.7, 128.0,
127.5, 126.0, 125.6, 125.0, 123.9, 122.8, 121.2, 120.0,
119.9, 119.5, 118.0, 116.0, 111.8, 65.8, 42.5, 31.0.

8c: Yield 95%. IR (KBr, cm ™ ): 1777, 1726, 1603, 1486,
1445, 1368, 1255, 1199, 753, 722, 615. "H NMR (CDCl;): &
6.53 (d, 2H, J = 2.1 Hz), 6.74 (d, 2H, J = 7.6 Hz), 6.95 (d,
4H, J = 8.9 Hz), 7.02 (dd, 2H, J = 8.3, 2.1 Hz), 7.08 (dd,
2H,J =17.5,7.5 Hz), 7.26 (d, 4H, J = 8.9 Hz), 7.30 (dd, 2H,
J=1.8,7.8 Hz),7.37 (dd, 2H, J = 8.1, 2.0 Hz), 7.43 (d, 2H,
J=2.0Hz), 775 (d, 2H, J=7.3Hz), 7.77 (d, 2H,
J =8.3Hz), 7.89 (d, 2H, J = 8.1 Hz). '*C NMR (CDCl5):
5 166.3, 166.2, 161.0, 157.4, 155.9, 150.7, 148.3, 141.0,
137.9, 134.5, 128.0, 127.9, 127.5, 127.2, 126.1, 125.8,
124.6,123.9, 121.2, 119.8, 119.4, 118.1, 115.9, 113.9, 65.8.

8d: Yield 94%. IR (KBr, cm ™ '): 1778, 1726, 1670, 1603,
1511, 1475, 1450, 1373, 1245, 1214, 1158, 1086, 871, 819,
717. '"H NMR (CDCls): 8 6.55 (d, 2H, J = 1.8 Hz), 6.74 (d,
2H, J = 7.5Hz), 6.93 (d, 4H, J = 8.8 Hz), 7.03 (dd, 2H,
J=17.9,2.2Hz),7.08 (dd, 2H, J = 7.8, 7.8 Hz), 7.26 (d, 4H,
J=8.8Hz), 7.33 (dd, 2H, J = 7.8, 7.8 Hz), 7.75 (d, 2H,
J=17.8Hz), 777 (d, 2H, J=7.9Hz), 7.95 (d, 2H,
J=8.0Hz), 8.07 (s, 2H), 8.10 (d, 2H, J = 8.0 Hz). '°C
NMR (CDCly): 6 166.1, 157.8, 155.6, 150.7, 148.3, 141.6,
141.0, 138.1, 135.7, 135.0, 132.1, 127.9, 127.6, 125.4,
124.5, 123.9, 121.3, 119.9, 117.9, 116.2, 65.8.

8e: Yield 95%. IR (KBr, cm ™ ): 1776, 1724, 1606, 1603,
1501, 1476, 1446, 1372, 1242, 1204, 1168, 1081, 833, 747.
'"H NMR (CDCl5): 8 6.55 (s, 2H), 6.74 (d, 2H, J = 7.3 Hz),
6.88 (d, 2H, J = 6.8 Hz), 7.02 (d, 2H, J = 7.8 Hz), 7.08 (dd,
2H, J=17.8, 7.8 Hz), 7.23-7.39 (m, 6H), 7.65-7.85 (m,
10H). '*C NMR (CDCl;): 8 166.6, 157.8, 155.5, 150.7,
148.3, 144.5, 141.0, 138.1, 132.7, 131.4, 128.0, 127.6,
125.5, 124.3,124.0, 121.8, 121.3, 119.9, 117.6, 116.2, 65.8.

3. Results and discussion
3.1. Monomer synthesis
In order to introduce the spiro-skeletal units into the

polyimide backbone, the novel spiro-diamine monomer,
2,2'-bis(4-aminophenoxy)-9,9'-spirobifluorene (6) was syn-

thesized. The precursor, 9,9/ -spirobifluorene (1) was
prepared by following the Clarkson and Gomberg method,
which involves coupling of a Grignard reagent obtained
from 2-iodo-biphenyl with 9-fluorene [29], followed by
dehydrative ring closure of the resulting carbinol in acetic
acid, which on acylation and oxidation, followed by alkaline
hydrolysis, afforded the 2,2'-dihydroxy-9,9’-spirobifluorene
(4) [28], as shown in Scheme 1. Nucleophilic substitution of
4-fluoronitrobenzene with 4 in DMF/K,CO3; medium
furnished 2,2'-bis(4-nitrophenoxy)-9,9’-spirobifluorene (5)
in quantitative yields, which on catalytic reduction over
10% Pd—C afforded the desired spiro-diamine monomer 6.
The structures of compounds S and 6 were confirmed by IR,
'H, and '’C NMR spectroscopy, as well as by mass
spectroscopy. The dinitro compound shows characteristic
absorptions at 1342 and 1588 cm_l, associated with nitro
group stretching, whereas the diamine lacks these two
absorption bands. The latter displays new absorptions at
3457, 3375 (N-H stretching) and 1613 cm™ ' (N-H
deformation). Fig. 1 shows the 'H NMR spectra of
compounds 5 and 6. Based on the reported '"H NMR data
of 2,2'-disubstituted-9,9"-spirobifluorene [25] and with
auxiliary 2D "H—"H correlation spectroscopy, the positions
of the chemical shifts for protons in compounds S and 6 are
readily assigned. In the '*C NMR spectra, the central spiro
carbon (C-9) signal resonates at 6 65.4 and 65.3,
respectively, indicative of the presence of a spiro skeleton
in 5 and 6. The molecular structure of compound 5 in the
solid state was also elucidated by X-ray crystallographic
analysis. Single crystals of § were obtained from acetonitrile
solution by slow evaporation of the solvent. Fig. 2 shows the
ORTEP plot of 5 accomplished by X-ray diffraction at
295 K. The spiro-molecule consists of two identical 4-
nitrophenoxyfluorene moieties connected through a com-
mon tetra coordinate carbon atom (the spiro center). In the
spiro-segment, the arrangement of the connected bifluorene
entities is nearly orthogonal (dihedral angle = 88.6°). This
structure agrees with the proposed one.
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Reagents: (i) CH;COCI, AICLy/CS; (ii) m-chloroperoxybenzoic acid/CHCl;;
(iii) NaOH(agq)/MeOH; (iv) 4-fluoronitrobenzene, K,CO3;/DMF; (v) H,, Pd/C, EtOH

Scheme 1. Reagents: (i) CH;COCI, AICI5/CS,, (ii) m-chloroperoxybenzoic
acid/CHCl3; (iii) NaOH(aqg)/MeOH; (iv) 4-fluoronitrobenzene,
K,COs/DMF; (v) H,, Pd/C, EtOH.
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Fig. 1. "H NMR spectra in the aromatic region of compounds (a) 5 and (b) 6
in DMSO-dp.

3.2. Polymer synthesis

For the synthesis of poly(ether imide)s 8a—e, the
one-step polymerization method was employed. The
one-step method provides some advantages over the
conventional two-step method. Polyimides in bulk are
more easily produced; further, this method is useful for
unreactive diamines and dianhydrides, which cannot
form high molecular weight polyamic acids by the two-
step method [30]. However, the disadvantage of the
one-step method is that insoluble polyimides cannot
form high molecular weight polymers because of
premature precipitation. We have chosen the one-step
solution method, envisaging that the resulting poly(ether
imide)s from the 2,2'-bis(4-aminophenoxy)-9,9'-spirobi-
fluorene (6) could be soluble in m-cresol. The spiro-
diamine and a series of dianhydrides 7a—e were reacted
in m-cresol in the presence of a catalytic amount of
isoquinoline (Scheme 2). Fortunately, no premature
precipitation was observed during the polymerization.
At ambient temperature, after 30 min, a homogeneous
and clear solution formed. The temperature was then
raised to 70—80 °C, then slowly increased to 220 °C and
maintained there for 8 h. Polymers were isolated in

Fig. 2. ORTEP diagram of compound 5 determined by X-ray crystal-
lography. All hydrogens are omitted for clarity.

O
0 o~ ),

0
m-cresol )J\
isoquinoline (cat) %{
(e] [¢]
Ta-e

A 0
T@w@%@n

8a-e

Ar=a) b)@{}
0 Do 0 XL 0 DS

Scheme 2.

quantitative yields by precipitating into methanol and
drying under vacuum. In the IR spectra of the obtained
polymers, the absence of amic acid absorptions (~3350
(NH and OH) and 1650 cm ! (amide, C=0)) and the
presence of cyclic imide carbonyl absorptions (1779—
1776 and 1726-1721 cm™ ') confirmed the complete
cyclodehydration of the corresponding amide intermedi-
ate. In addition, DSC and TGA measurements did not
show any transition corresponding to imidization,
indicating that the resulting polyimides were fully
imidized. The structure of the poly(ether imide)s was
characterized by '"H NMR. Fig. 3 shows the 'H NMR
spectra of polymers 8a—e. In addition to the distinct
features associated with the spirobifluorene diamine
component, resonances corresponding to the aromatic
protons of the dianhydride component are clearly
present. 'C NMR spectra provides complementary
information. Resonances associated with the carbonyl
carbons of the imide ring appear in the relatively
downfield region (6 166) [31]. The molecular weights
of the polymers were determined by GPC with DMF as
the eluent, calibrated against PMMA standards. The
molecular weights and polydispersities (M,/M,) are
presented in Table 1.

3.3. Properties of the poly(ether imide)s

Transparent, flexible films of the poly(ether imide)s
can be obtained by solution casting. The crystallinities
of the polyimides 8a—e were evaluated by wide-angle
X-ray diffraction experiments. All the polymers display
amorphous diffraction patterns as a result of the
presence of the kinked 9,9'-spirobifluorene structure.
The amorphous character of the polyimides is also
reflected in their high solubility. The solubilities of
poly(ether imide)s 8a—e were tested in a variety of
organic solvents and the results are summarized in
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Fig. 3. '"H NMR spectra in CDCl; of poly(ether imide)s (a) 8a, (b) 8b, (c)
8c, (d) 8d, and (e) 8e. * indicates a signal arising from CHCl;.

Table 2. All the poly(ether imide)s exhibit good
solubility in polar aprotic solvents, such as NMP,
DMF, DMAc and pyridine, the phenolic solvent m-
cresol, as well as chlorinated solvents like chloroform
and methylene chloride. The poly(ether imide)s, except
polyimide 8e, are also soluble in less polar THF
solvent. The poor solubility of 8e in THF is possibly

Table 1
Molecular weights, inherent viscosities and thermal properties of poly(ether
imide)s 8a—e

Polymer M,* MJM, i’ DSC,T,6 TGA® Y,
(x 10% (dVg) —_— (%
Tsq,  Tiow
8a 3.2 22 039 278 564 592 64
8b 9.4 2.0 075 243 581 590 63
8¢ 4.0 24 041 279 608 625 69
8d 35 19 041 281 581 607 64
8e 6.0 1.9 055 293 588 616 69

? Molecular weight (g/mol) was determined by GPC in DMF based on
PMMA standards.

® Measured at 0.5 g/dl in DMAc at 30 °C.

¢ T, (°C) was determined by DSC at a heating rate of 20 °C min~" under
nitrogen.

4 Temperatures (°C) at which 5 and 10% weight losses were determined
at a heating rate of 20 °C min~' under nitrogen.

¢ Char yield at 900 °C in nitrogen.

Heat Flow
/

T T T T T T T 1
150 200 250 300 350
Temperature ("C)

Fig. 4. DSC thermograms of poly(ether imide)s (a) 8a, (b) 8b, (c) 8c, (d) 8d,
and (e) 8e.

due to the rigid nature of its dianhydride moiety. The
highly soluble nature of these poly(ether imide)s may be
attributed to the presence of linked spirobifluorene units,
with flexible aryl ether linkages along the polymer
backbone. The orthogonally arranged polymer branches
would restrict the close packing of the polymer chains
and thereby lessen the probability of interchain inter-
actions, resulting in the high solubility of the poly(ether
imide)s. It has been demonstrated that the incorporation
of a cyclic cardo side group, such as fluorene, into the
polymer backbone affords aromatic polyimides high
solubility, as well as good thermal stability [32-34].
For comparison, the reported solubility data of fluorene-
based cardo poly(ether imide)s 9d and 9e are included
in Table 2 [33]. Comparison of polymer solubilities
indicates that the 9,9'-spirobifluorene-containing poly(-
ether imide)s, 8d and 8e, exhibit better solubility than
their cardo analogues 9d and 9e. This observation
reveals that the placement of the orthogonal arrange-
ment of each bifluorene moiety in the polymer chain
plays an important role in enhancing the solubilities of

100
80
—
604
= a
s 1 e b
RS - c
——————— d
20 e
O T T T T T T T
200 400 600 800
Temperature (°C)

Fig. 5. TGA curves for poly(ether imide)s (a) 8a, (b) 8b, (c) 8¢, (d) 8d, and
(e) 8e at a heating rate of 20 °C min~!in N,.
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Table 2
Solubility of aromatic poly(ether imide)s
Polymer Solvent®

CH,Cl, CHCI, Pyridine THF DMF DMAc NMP Acetone m-Cresol
8a ++ ++ ++ ++ ++ ++ ++ -= ++
8b ++ ++ ++ ++ ++ ++ ++ - ++
8c ++ ++ ++ ++ ++ ++ ++ - ++
8d ++ ++ ++ + - ++ ++ ++ - ++
8e ++ ++ ++ -+ ++ ++ ++ -= ++
9d" -+ ++ -+ ++ -+
9e” ++ + - -+ ++ --

Solubility: (4++) soluble at room temperature; (+ — ) soluble on heating; (— + ) partially soluble or swollen; (— —) insoluble.
# THF, tetrahydrofuran; DMF, N,N-dimethylformamide; DMAc, N,N-dimethylacetamide; NMP, N-methyl-2-pyrrolidinone.

® Data from Ref. [33].

the poly(ether imide)s 8a—e:

@O Red
0 9d
YO

oqe P
0 9e

The thermal properties of the poly(ether imide)s were
investigated by DSC and TGA, with the results tabulated in
Table 1. The incorporation of rigid spirobifluorene units in
the polymer backbone results in poly(ether imide)s with
high glass transition temperatures (7). Fig. 4 displays DSC
thermograms for polymers 8a—e The Ts of polyimides 8a—
e were in the range of 243-293 °C and varied with the
structure of the dianhydride component. The comparatively
lower T, value of polymer 8b can be attributed to the
presence of a larger number of flexible ether linkages in its
polymer chain. Polyimide 8e, containing a stiff biphenyl
group, exhibits a higher T, value. The thermal stabilities of
polymers 8a—e were evaluated by TGA. Fig. 5 shows
typical TGA curves for these poly(ether imide)s. All the
polyimides showed similar patterns of decomposition,
without any significant weight loss up to 500 °C in nitrogen;
the residual weights at 800 °C were all above 60%.
Temperatures corresponding with 5 and 10% weight loss
in nitrogen were in the range of 564—608 and 590-625 °C,
respectively. The high thermal stabilities of these poly-
imides reflect the rigid nature of spiro-segment unit in the
polymer main chain.

4. Conclusions
In summary, a new spiro-fused diamine monomer has

been synthesized, whose polymerization with various
anhydrides leads to highly soluble and thermally stable

poly(ether imide)s. The excellent solubility nature of these
poly(ether imide)s can be attributed to the presence of spiro-
fused orthogonal bifluorene segments along the polymer
chain. High thermal stabilities are due to the rigid
spirobifluorene units. Further studies concerning the
incorporation of a spirobifluorene unit into the polymer
backbone, which may produce novel, soluble and proces-
sable high-performance polymeric materials, are in
progress.
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