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ABSTRACT: Three series of novel modified poly(ether—
imide-amide)s (PEIAs) having pendent benzazole units
were prepared from diimide-dicarboxylic acids, including
2-[3,5-bis(4-trimellitimidophenoxy) phenyl]benzimidazole,
2-[3,5-bis(4-trimellitimidophenoxy) phenyl]benzoxazole,
and 2-[3,5-bis(4-trimellitimidophenoxy) phenyl]benzothia-
zole, with various diamines by direct polycondensation in
N-methyl-2-pyrrolidone with triphenyl phosphite and pyr-
idine as condensing agents. These new diimide-dicarbox-
ylic acids containing ether linkages and benzazole pendent
groups were synthesized by the condensation reaction of
5-(2-benzimidazole)-1,3-bis(4-aminophenoxy)benzene, 5-(2-
benzoxazole)-1,3-bis(4-aminophenoxy)benzene, or 5-(2-ben-
zothiazole)-1,3-bis(4-aminophenoxy)benzene with trimel-
litic anhydride, respectively. All of the polymers were
obtained in quantitative yields with inherent viscosities of

0.39-0.65 dL/g. For comparative purposes, the correspond-
ing unsubstituted PEIAs were also prepared by the reac-
tion of a diimide-dicarboxylic acid monomer lacking
benzazole pendent groups, namely, 3,5-bis(4-trimellitimi-
dophenoxy) phenyl, with the same diamines under similar
conditions. The solubilities of the modified PEIAs in com-
mon organic solvents and their thermal stability were
enhanced compared to those of the corresponding
unmodified PEIAs. The glass-transition temperature, 10%
weight loss temperature, and char yields at 800°C were
19-31°C, 22-57°C and 4-8% higher, respectively, than
those of the unmodified polymers. © 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 125: 1576-1585, 2012
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INTRODUCTION

Among the various heterocyclic polymers investi-
gated for high-performance applications, aromatic
polyimides are used widely in the semiconductor and
electronic packaging industries because of their out-
standing thermal stability, good insulation properties
with a low dielectric constant, good adhesion to com-
mon substrates, and superior chemical stability."* De-
spite their widespread use, polyimides are generally
intractable and lack the properties essential for suc-
cessful fabrication into useful forms because of their
high melting temperature or glass-transition tempera-
ture (Tg) and their limited solubility in organic sol-
vents. Therefore the incorporation of new functional-
ities to make polyimides more tractable without
deteriorating their own excellent properties has
become one important target of polyimide chemis-
try.> One of the important modifications for making
processable polyimides is copolymerization. The
replacement of polyimides by copolyimides such as
poly(amide-imide)s (PAIs) may be useful in the
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modification of the intractable nature of polyimides.
PAls contain both amide and cyclic imide units along
the polymer chain and, hence, constitute a polymer
class with average properties between aromatic poly-
amides and polyimides. They possess good thermal
properties compared to polyamides and better melt
processability than polyimides. In addition, the syn-
thetic approach to PAls presents the option of intro-
ducing specific segments between amide and imide
groups.® The incorporation of ether groups or other
flexible linkages into the main chain generally leads
to lower T, and a significant improvement in solubil-
ity without a great sacrifice of other advantageous
polymer properties. On the other hand, the introduc-
tion of bulky groups into the rigid polymer chain can
impart a significant increase in T, through the restric-
tion of the segmental mobility and provide an
enhanced solubility due to decreasing packing and
crystallinity.” ' If the pendent groups are carefully
chosen, it is possible for one to promote solubility
without impairing the thermal and mechanical prop-
erties to any great extent. The combination of these
two structural modifications minimized the trade-off
between the processability and useful/positive prop-
erties, such as the solubility of aromatic PAIs.!12*

In previous work, we reported the synthesis and
characterization of modified PAls bearing benzazole
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pendent groups with better solubility and thermally
stability than the corresponding unsubstituted
PAIs.*? It is important to note that when heterocy-
clic rings, such as benzimidazole, benzoxazole, or
benzothiazole, were used as pendent groups, benefi-
cial effects were observed, not only in the solubility
but also in the thermal properties, because benzim-
idazole, benzoxazole, and benzothiazole are among
the most heat-resistant structures.”” In this study,
three new benzazole-based and imide-ring-contain-
ing dicarboxylic acid bearing flexible ether linkages,
including  2-[3,5-bis(4-trimellitimidophenoxy) phe-
nyl]benzimidazole (1), 2-[3,5-bis(4-trimellitimidophe-
noxy) phenyl]lbenzoxazole (2), and 2-[3,5-bis(4-tri-
mellitimidophenoxy) phenyl]benzothiazole (3), were
synthesized and used to prepare new modified
poly(amide-ether—imide)s by their polycondensation
with aromatic diamines. The effect of benzazole
pendent groups on the solubility and thermal prop-
erties of the modified poly(ether-imide—amide)s
(PEIAs) was investigated by comparison with PEIAs
without benzazole pendent groups (reference
PEIAs), obtained from 3,5-bis(4-trimellitimidophe-
noxy) phenyl (4) and the same diamines.

EXPERIMENTAL
Materials

Trimellitic anhydride (>97% purity, Merck, Darm-
stadt, Germany) and triphenyl phosphite (TPP; 97%
purity, Sigma-Aldrich, Shanghai, China) were used
as received without further purification. N-Methyl-2-
pyrrolidone (NMP) was distilled over CaH,, and
pyridine (Py) was dried in KOH pellets and stored
over 4-A molecular sieves. Commercially obtained
calcium chloride was dried in vacuo at 180-200°C for
8 h before each run. 1,3-Phenylenediamine (a;
Merck) was purified by sublimation before use. Aro-
matic diamines, including 5-(2-benzoxazole)-1,3-phen-
ylenediamine (b; mp = 226-230°C),*® 5-(2-benzothia-
zole)-1,3-phenylenediamine (c; mp = 167-171°C),* 5-
(2-benzimidazole)-1,3-bis(4-aminophenoxy)

benzene (mp = 218-222°C),*® 5-(2-benzoxazole)-1,3-
bis(4-aminophenoxy)benzene (mp = 168-171°C),*®
and 5-(2-benzothiazole)-1,3-bis(4-aminophenoxy)ben-
zene (mp = 162-165°C),?® were synthesized according
to our previous works. 1,3-Bis(4-aminophenoxy)ben-
zene (6; mp 114-116°C) was prepared by the nucleo-
philic substitution reaction of the corresponding
bisphenol precursor, resorcinol, and 4-fluoronitroben-
zene in the presence of potassium carbonate, followed
by hydrazine catalytic reduction of the intermediate
dinitro compound. Glacial acetic acid (purity > 99%)
was purchased from Merck and was used without
further purification.
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Measurements

"H-NMR and "C-NMR spectra were recorded on a
Bruker AV-500 FT NMR spectrometer (Germany) in
hexadeuterated dimethyl sulfoxide (DMSO-dc) at 25°C
with frequencies of 500.13 and 125.77 MHz for the 'H
and '°C spectra, respectively. Fourier transform infra-
red (FTIR) spectra were recorded on a Bruker Tensor-
27 spectrometer for the measurement of infrared
absorption spectra for the monomers and polymers.
The spectra of solids were obtained with KBr pellets.
The melting points were determined with a Buchi 535
melting-point apparatus (Switzerland). Thermogravi-
metric analysis (TGA) was conducted with a DuPont
2000 thermal analyzer (USA) under a nitrogen atmos-
phere (20 cm?®/min) at a heating rate of 20°C/min.
Differential scanning calorimetry (DSC) was recorded
on a PerkinElmer Pyris 6 DSC instrument (USA)
under a nitrogen atmosphere (20 cm’/min) at a heat-
ing rate of 20°C/min. The inherent viscosities (Min's)
of the polymers were determined for a solution of 0.5
g/dL in N,N-dimethylacetamide (DMAc) at 30°C
with a Canon-Fenske viscometer. Elemental analyses
were performed with a PerkinElmer 2400 CHN ele-
mental analyzer (USA). Mass spectroscopy data were
recorded under electron impact at 70 eV on a Shi-
madzu GCMS-QP 1000 EX instrument (Japan).

2-[3,5-bis(4-trimellitimidophenoxy)-phenyl]benzimi-
dazole (1)

To a 100-mL, round-bottom flask fitted with a mag-
netic stirrer and a reflux condenser were added 4.08
g (0.01 mol) of 5-(2-benzimidazole)-1,3-bis(4-amino-
phenoxy)benzene, 4.61 g (0.024 mol) of trimellitic an-
hydride, and 45 mL of glacial acetic acid. The hetero-
geneous mixture was refluxed for 15 h. The reaction
mixture was filtered to yield a yellow—brown solid,
which was rinsed with ethanol to remove excess ace-
tic acid. The crude product obtained was washed sev-
eral times with ethanol, then purified by recrystalliza-
tion from N,N-dimethylformamide (DMF), and dried
in vacuo at 100°C for 12 h to afford 6.58 g (87%) of 1
as a yellow—brown solid (mp > 300°C).

The other monomers, 2 (yield = 84%; mp >
300°C), 3 (yield = 90%; mp > 300°C), and 4 (a refer-
ence, yield = 96%; mp > 300°C), were synthesized
with the same procedure as that used for 1 from 5-
(2-benzoxazole)-1,3-bis(4-aminophenoxy)benzene, 5-
(2-benzothiazole)-1,3-bis(4-aminophenoxy)benzene,
and 6, respectively, instead of 5-(2-benzimidazole)-
1,3-bis(4-aminophenoxy)benzene. The spectral data
for these monomers are shown in Table 1.

Preparation of the PEIAs

A typical synthetic procedure of the PEIAs was as
follows: a mixture of 0.491 g (0.650 mmol) of 1 and

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
"H-NMR, ®C-NMR, FTIR, and Mass Spectral and Elemental Analyses of the Monomers

Code

Spectral data

"H-NMR (DMSO-d, 3, fpm): 13.34 (br, COOH and N—H imidazole), 8.41 (d, °] = 7.8 Hz, 2H), 8.29 (s, 2H), 8.07 (d, ¥ =

7.8 Hz, 2H), 7.71 (d, ¥J = 1.9 Hz, 2H), 7.58 (m, 2H), 7.54 (d, ¥] = 8.7 Hz, 4H), 7.33 (d, %] = 8.7 Hz, 4H), 7.19 (m, 2H),
6.98 (s, 1TH). >C-NMR (DMSO-de, 3, ppm): 166.26, 165.75, 158.19, 155.72, 149.71, 136.61, 135.38, 134.78, 133.27, 131.97,
129.10, 127.40, 126.21, 123.68, 123.30, 122.10, 121.96, 119.09, 111.65, 111.13. FTIR (KBr, cm ™ '): 3340-2500 (m, br), 1781 (m,
sh), 1719 (s, sh), 1689 (m, sh), 1612 (m, sh), 1595 (m, sh), 1506 (s, sh), 1465 (w, sh), 1383 (s, sh), 1224 (s, sh), 1170 (m,
sh), 1094 (m, sh), 997 (m, sh), 887 (w, sh), 784 (w, sh), 728 (m, sh). m/z: 756 [M"]. ANaL. Calculated for C43H,,N4O1¢: C,
68.25%; H, 3.20%; N, 7.40%. Found: C, 68.17%; H, 3.23%; N, 7.45%.

"H-NMR (DMSO-d, 8, ppm): 13.54 (br, COOH), 8.41 (d, °] = 8.1 Hz, 2H), 8.30 (s, 2H), 8.07 (d, }] = 8.1 Hz, 2H), 7.81 (m,

2H), 7.56 (d, °] = 8.8 Hz, 4H), 7.54 (d, ¥] = 2.3 Hz, 2H), 7.41 (m, 2H), 7.37 (d, °] = 8.8 Hz, 4H), 7.12 (t, *] = 2.3 Hz, 1H).
BC-NMR (DMSO-dg, 5, ppm): 166.37, 165.93, 160.89, 158.83, 155.09, 150.24, 141.18, 137.38, 135.42, 134.63, 131.98, 129.27,
127.95, 125.99, 125.10, 123.71, 123.36, 120.12, 119.80, 119.31, 112.44, 111.27, 111.15. IR (KBr, cm'): 3450-2600 (m, br),
1781 (m, sh), 1721 (s, sh), 1693 (w, sh), 1631 (m, sh), 1591 (m, sh), 1553 (w, sh), 1507 (s, sh), 1434 (w, sh), 1385 (m, sh),
1291 (w, sh), 1224 (s, sh), 1170 (m, sh), 1093 (m, sh), 1001 (w, sh), 947 (w, sh), 885 (w, sh), 728 (m, sh). m/z: 757 [M*].
ANAL. Calculated for C43H3N3041: C, 68.17%; H, 3.06%; N, 5.55%. Found: C, 68.06%; H, 3.11%; N, 5.67%.

"H-NMR (DMSO-d, 5, ppm): 13.39 (br, COOH), 8.38 (d, °] = 8.1 Hz, 2H), 8.27 (s, 2H), 8.13 (d, *] = 7.8 Hz, 1H), 8.06 (dd,

5] = 8.0 Hz, °] = 7.8 Hz, 3H), 7.58 (d, %] = 8.8 Hz, 4H), 7.52 (t, °] = 7.3 Hz, 1H), 7.49 (d, *] = 2.1 Hz, 2H), 7.45 (t, *] =
7.3 Hz, 1H), 7.34 (d, °] = 8.8 Hz, 4H), 6.99 (t, ¥] = 2.2 Hz, 1H). ">*C-NMR (DMSO-d,, 8, ppm): 166.25, 165.77, 165.64,
158.62, 155.29, 153.27, 136.48, 135.86, 135.44, 134.84, 134.56, 131.99, 129.17, 127.73, 128.81, 125.90, 123.75, 123.35, 123.20,
122.41, 119.52, 114.95, 111.75. FTIR (KBr, cm™1): 3400-2500 (m, br), 1771 (m, sh), 1721 (s, sh), 1694 (w, sh), 1632 (m, sh),
1591 (w, sh), 1506 (s, sh), 1477 (m, sh), 1389 (s, sh), 1229 (s, sh), 1167 (m, sh), 1108 (m, sh), 965 (m, sh), 841 (w, sh), 790
(w, sh), 730 (m, sh). m/z: 773 [M"]. AnaL. Calculated for C,3H,3N3040S: C, 66.75%; H, 3.00%; N, 5.43%. Found: C,
66.69%; H, 3.03%; N, 5.50%.

"H-NMR (DMSO-d, 3, pEm): 13.72 (br, COOH), 8.39 (d, 3] = 7.7 Hz, 2H), 8.26 (s, 2H), 8.04 (d, ] = 7.7 Hz, 2H), 7.49 (d, %]

= 8.8 Hz, 4H), 7.45 (t, °] = 8.2 Hz, 1H), 7.23 (d, ] = 8.8 Hz, 4H), 6.87 (dd, *] = 8.8 Hz, %] = 2.2 Hz, 2H), 6.80 (t, ¥ = 2.1
Hz, 1H). *C-NMR (DMSO-d, 3, ppm): 166.24, 165.74, 157.75, 15591, 136.47, 135.40, 134.82, 131.98, 131.34, 129.01,
127.16, 123.70, 123.33, 118.96, 113.98, 109.67. FTIR (KBr, cm !): 3459-2650 (m, br), 1781 (m, sh), 1719 (s, sh), 1587 (m,
sh), 1506 (s, sh), 1431 (w, sh), 1398 (m, sh), 1226 (s, sh), 1170 (m, sh), 1121 (m, sh), 1093 (m, sh), 998 (w, sh), 937 (w, sh),
832 (w, sh), 777 (w, sh), 727 (m, sh). m/z: 640 [M"]. AnaL. Calculated for Cs3sHyoN»O1o: C, 67.50%; H, 3.15%; N, 4.37%.

Found: C, 67.34%; H, 3.20%; N, 4.40%.

2.5 mL of NMP was stirred under nitrogen atmos-
phere and heated to 70°C to dissolve 1. Py (0.6 mL),
TPP (0.7 mL), and calcium chloride (0.25 g) were
added to the reaction mixture. The mixture was
stirred and heated to 110°C. An equal molar amount
of diamine a (0.070 g, 0.650 mmol) was then added
to this mixture. The resulting mixture was reacted at
110°C for 5 h. More NMP (~ 2.5 mL) was added
during the polymerization to maintain the viscosity
of the reaction mixture, and the solution was
allowed to stir for an additional 5 min. After the
completion of polymerization, the viscous mixture
was poured into methanol. The precipitated polymer
was filtered, washed thoroughly with methanol and
hot water, and then dried under a vacuum to give
0495 g (92%) of PEIAla. The mian of polymer
PEIAla was 0.51 dL/g at a concentration of 0.5 g/
dL in DMAc at 30°C.

ANaL. Caled for C49H28N6O8 (8288)n C, 71.01%;
H, 3.40%; N, 10.14%. Found: C, 70.82%; H, 3.48%; N,
10.32%.

The other PEIAs were synthesized by a procedure
analogous to that described previously.

The Minn values and yields of PEIAs are summar-
ized in Table II. The spectroscopic data for the
PEIAs are discussed in the Results and Discussion
section.

Journal of Applied Polymer Science DOI 10.1002/app

RESULTS AND DISCUSSION
Synthesis processes

The reaction between aromatic diamines and trimel-
litic anhydride is the usual manner to prepare im-
ide-ring-containing aromatic dicarboxylic acids. This
route is widely used in the field of polymeric materi-
als for the synthesis of some copolyimides, including
PAIs***® and poly(ester-imide)s.” ! According to
this strategy, bis(ether-amine)s, such as 5-(2-benzim-
idazole)-1,3-bis(4-aminophenoxy)benzene, 5-(2-ben-
zoxazole)-1,3-bis(4-aminophenoxy)benzene, 5-(2-ben-
zothiazole)-1,3-bis(4-aminophenoxy)benzene, and 6
were reacted with 2 mol equiv of trimellitic anhy-
dride in refluxing glacial acetic acid to obtain 1, 2, 3,
and 4, respectively. The addition reaction between
the amino and anhydride groups and the subse-
quent thermal cyclodehydration reaction was carried
out in a pale yellow heterogeneous solution. Scheme
1 shows the reaction route for the synthesis of
monomers 1, 2, 3, and 4. The chemical structures of
all of these new monomers were confirmed by
means of elemental analysis and mass, FTIR, and
NMR spectroscopy. As shown in Figure 1, the FTIR
spectra of all of the monomers showed absorption
bands around 2500-3450 cm ™' [C(O)O—H], about
1780 cm ™' (symmetric imide C=O stretching), about
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TABLE II
Structures, Yields, and n;,;, Values of the PEIAs
Polymer Yield Ninh Polymer Yield Ninh
code Polymer structure (%) (dL/g)* code Polymer structure (%)  (dL/g)*
SO e OO T O OO
PEIAla % flj SIS 92 051 PEIA3a b 7% £ 8  0.62
N7 ONH - N\_ "
@ W
. B . o 0 A
7\/7 < <—> e ij,ﬂ.‘u Oy @{ O oo > ,YJ.‘N ﬂ”f] g
PEIATb ij e H 88 047  PEIA3D R Ej/ 2= L 9 052
O y& e}
I Nt 1 .
S5 Yo - A\jJ\u T s oo ) }D/Lu—(\ B
PEIAlc Al - s om0 pEax A ? AT w o
I L [o ]
RESTaSUURLS u@” . C
PEIA2a WT m 91 0.60  PEIA4a J\(Lf«fﬂfo(\ro{ }ﬁﬁ*-@ 94 0.65
& ) '
. R 0 A .
T OOy v T8O e Gy
PEIA2b AR > W o 048 PEAb | “i OO g/@) f o1 061
Fert oottt ot iy
PEIA2c TI be 87 045  PEIA4dc WQ oRate T\ 91 0.53
<,4,{ <7/

@ Measured at a polymer concentration of 0.5 g/dL in DMAc at 30°C.

1720 cm™' (asymmetric imide C=O stretching),
about 1690 cm ™' (acid C=O stretching), about 1612—
1630 cm ' (C=N stretching), about 1380, 1080, and
725 cm ' (imide ring deformation), and about 1220
m~! (C—O—C stretching); these confirmed the pres-
ence of imide rings, carboxylic acid groups, benza-
zole segments, and ether linkages in their structures.
Figure 2 shows the 'H-NMR spectra of all four

HZN_O_OD/O_O_NHZ . 2 Z;:Q/OOOH
o

Bis(ether-amine)s

1 2

diimide-dicarboxylic acid monomers. The "H-NMR
spectral data of the monomers showed aromatic pro-
tons in the range 6.80-8.41 ppm with expected mul-
tiples and integration; the protons of the trimellitoyl
groups revealed signals at downfield regions (ca. 8
ppm). The strong electron-withdrawing effect of the
benzazole pendent group was clearly observed from
the chemical shifts of the g protons and was still

COOH
Glaial AcOH \Q:E —@- \Q/ —@— ;:©/
Reflux
diimide-dicarboxylic acids
1,2,3,4
3 4

~

xb”%ﬁ

g -

Scheme 1 Synthesis procedure of monomer 1.

Journal of Applied Polymer Science DOI 10.1002/app



1580

TOISERKANI

Transmittance [%]

'
o
v

=

4000 3500 3000 2500 2000

Wavenumber cm

1500 1000
-1

Figure 1 FTIR spectra of all of the monomers.

more noticeable from the h protons. A comparison
with the spectrum of 4 (as a reference) without
pendent groups showed downfield shifts of 0.18 and
0.83 ppm for the benzimidazole group (1), 0.33 and
0.66 ppm for benzoxazole groups (2), and 0.19 and
0.62 ppm for benzothiazole groups (3) for g and h
protons. The "*C-NMR spectra exhibited 20 different
peaks for the aromatic carbons of 1, 23 different
peaks for aromatic carbons of 2 and 3, and 16 differ-
ent peaks for the aromatic carbons of 4. The car-
bonyl carbons of carboxylic acid and imide groups
resonated in the downfield region above 165 ppm.
The phosphorylation method as a direct polyami-
dation involves the one-pot polycondensation of aro-

Journal of Applied Polymer Science DOI 10.1002/app

matic dicarboxylic acids with aromatic diamines in
the presence of an aryl phosphite, such as TPP, and
an organic base, such as Py. The addition of inorganic
salts, such as CaCl,, improves the solubility of the
polymer and the maximum attainable molecular
weights.** In this study, the mentioned method was
used to prepare wholly aromatic PEIAs. All of the
reactions proceeded smoothly in homogeneous solu-
tions with high yields up to 84%. Scheme 2 shows
the reaction route used to obtain these benzazole-con-
taining PEIAs. To study the pendent group effects,
PEAI4a-PEAI4c references without the pendent
groups were also synthesized by a similar manner for
comparison. Some characteristics of the resulting



MODIFIED PEIAs

T
1 -

2 14 13

!
|

s

i W W

B
"4 ®3 &2 84 S0 78 T8 T 76 TS T4 T3 T2 ppm

1581

—um
i
—mn
—1m0
—i8
-

&
"

L
i
(&

W e Wy W

EzREsg EEasREzasiaan 1g
\IN SN e \

TE B B

3 o

"

§ B B & W

o4 83 8z w1

W W W

B0 e 78 7 T8 78 74 13 7z T4

R

LA

s 83 =

76 74 73 ra 74 Te

7 sa e 7 88 ppm

Figure 2 'H-NMR spectra of the diimide-dicarboxylic acid monomers (500 MHz, DMSO-d,).

PEIAs, including M., were measured in DMAc at a
concentration of 0.5 dL/g at 30°C, and the yields of
the resulting polymers are tabulated in Table II.

The synthesized polymers were characterized by
their FTIR and 'H-NMR spectra. The FTIR spectra of
the PEIAs showed characteristic absorptions for the
imide ring around 1780 and 1728 cm ! (imide I), in-
dicative of the asymmetrical and symmetrical C=0O
stretching vibration, and at 1370 cm™' (imide II),
1080 cm ' (imide III), and 725 cm ™' (imide IV),
whereas the imide I, III, and IV bands were assigned
to axial, transverse, and out-of-plane vibrations,

respectively, of the cyclic imide structure. The N—H
stretching band of the amide were observed around
3440 cm !, and the C=O0 stretching band of amide
group was observed at 1670 cm . The C=N stretch-
ing bands of the benzimidazole, benzoxazole, or
benzothiazole groups at 1612-1633 cm™' and the
N—H bending and C—N stretching bands at 1550
cm~' were also observed. Figure 3 shows typical
FTIR [Fig. 3(A)] and 'H-NMR [Fig. 3(B)] spectra of
PEAI3b. On the basis of the previous description, we
concluded that the PEIAs had the expected
structures.

Journal of Applied Polymer Science DOI 10.1002/app
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Poly(ether-imide-amide)s
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Scheme 2 Synthesis of the modified and reference PEIAs.

Properties of the PEIAs

The organosolubility behavior of all of the PEIAs was
tested qualitatively in various organic solvents, with
the results summarized in Table IIl. One of the aims
of this investigation was the enhancement of the
polymer solubility by the introduction of voluminous
pendent groups along the polymer backbone. Almost
all of the modified PEIAs were soluble in polar
aprotic solvents [DMF, NMP, DMAc, and dimethyl
sulfoxide (DMSO)] and concentrated H,SO, at room
temperature or upon heating. They also showed mod-
erate solubilities in m-cresol and Py, whereas they
were partially soluble in chloroform (CF) and tetrahy-
drofuran (THF). Modified PEIAs, PEAIla-PEAllc,
PEARR2a-PEAI2c, and PEAI3a-PEAI3c displayed
almost the same solubility in these solvents. More-
over, the modified PEIAs prepared herein were more
soluble in less polar solvents, such as m-cresol, Py,
CF, and THF, than those of the analogous PAls
reported in our previous articles.”>** In contrast, the
unmodified PEIAs (reference PEAIs, PEAl4a—PEAIl4c)
dissolved at ambient temperature only in concen-
trated H,SO, and upon heating in polar aprotic sol-
vents. In addition, they were completely insoluble in
less efficient solvents, such as m-cresol, Py, CF, and

Journal of Applied Polymer Science DOI 10.1002/app

THF. In general, the modified PEIAs displayed an
increased solubility in comparison with the unmodi-
fied series. This was attributable in part to the pack-
ing-disruptive structure of the diimide—dicarboxylic
acid components; this resulted in a high steric hin-
drance for close-chain packing and, thus, reduced
interchain interactions. The chain separation effect
accounted for a weakening of the strong interactions
through hydrogen bonding, and the steric factor must
have been dominant because the other effects, such
as dipole attraction or chain rigidity enhancement,
should have worked against good solubility.

TGA and DSC were used to evaluate the thermal
properties of the PEIAs, and the results, including
T, values and the temperature at 10% weight loss
(Ty0) in nitrogen, and the anaerobic char yield at
800°C for all polymers are summarized in Table IV.
The thermal stability was investigated by TGA with
the Tyo values as a criterion of thermal stability.
There was no significant difference in the TGA
curves of the PEIAs. The modified polymers started
to lose weight at higher temperatures than the cor-
responding unmodified ones because their Ty, val-
ues were higher by 22-57°C. In addition, the modi-
fication of polymers increased their anaerobic char
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Figure 3 (A) FTIR and (B) 'H-NMR spectra of PEAI3b (500 MHz, DMSO-dj).
TABLE III
Solubility of the PEIAs

Polymer Solvent

code DMAc DMSO DMEF NMP m-cresol THF Py CF H,S0,
PEIAla +h +h +h +h + - - - +
PEIA1b + +h + + * * + - +
PEIA1lc + + + + +h * +h * +
PEIA2a +h +h +h +h * + - - +
PEIA2b + + + + +h * +h * +
PEIA2c + + + + +h * +h * +
PEIA3a +h +h +h +h + - - - +
PEIA3b + + +h + +h * +h * +
PEIA3c + +h + + +h * +h * +
PEIA4a * * +h +h - - - - +
PEIA4b +h + +h +h - - — - +
PEIA4c +h +h +h +h - - — - +

® Qualitative solubility was determined by the dissolution of 10 mg of PEIAs in 1 mL
of solvent at room temperature or upon heating. +, soluble at room temperature; +h,
soluble on heating; =, partially soluble on heating; —, insoluble even on heating.
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TABLE IV
Thermal Properties of the PEIAs
Polymer code T, (°O)° Tyo (°C)P Char yield (wt %)°
PEIAla 256 501 49
PEIA1b 267 523 58
PEIAlc 272 531 57
PEIA2a 263 513 52
PEIA2b 288 541 61
PEIA2c 283 535 55
PEIA3a 262 510 50
PEIA3b 277 534 58
PEIA3c 282 527 58
PEIA4a 232 456 44
PEIA4b 262 514 55
PEIA4c 264 513 54

@ From the second heating traces of DSC measurements
with a heating rate of 20°C/min in nitrogen.

" Recorded by TGA at a heating rate of 20°C/min in
nitrogen.

¢ Char yield at 800°C.

yield at 800°C by 4-8%. The heat-resistant benzim-
idazole, benzoxazole, and benzothiazole structure
incorporated as a pendent group to the polymer
backbone was responsible for this behavior. Upon
comparing the chemical structures of the pendent
groups, we observed that benzoxazole and benzo-
thiazole showed better thermal stability than benz-
imidazole. DSC experiments were carried out at a
heating rate of 20°C/min in nitrogen. Rapid cooling
from 350°C to room temperature produced predom-
inantly amorphous samples, so the T,’s of all of the
polymers were easily read in the subsequent heat-
ing traces. A representative DSC curve of the poly-
mer PEIA1D is also illustrated in Figure 4. The val-
ues of T, listed in Table IV confirmed that the
introduction of pendent benzimidazole, benzoxa-
zole, or benzothiazole rings caused increases
between 19 and 31°C in the T, values compared
with the unmodified PEIAs; this supported the pre-
liminary assumption regarding the beneficial effect
of the pendent heterocycles on the thermal transi-

DSC f{mWimg)
4 exo
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Onset 267.1°C
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Figure 4 DSC curve of PEIAlb with a heating rate of
20°C/min in nitrogen.
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tions of aromatic PEIAs. In addition, the modified
PEIAs displayed higher T, values than the refer-
ence polymers; this may have been due to the fact
that the benzazole ring on the phenylene unit inhib-
ited the free rotation of the polymer chains and led
to an enhanced T, value.

CONCLUSIONS

Three novel benzimidazole, benzoxazole, and benzo-
thiazole-containing diimide—dicarboxylic acid mono-
mers, 1, 2, and 3, and a diimide-dicarboxylic acid
monomer, 4 (a reference), were successfully prepared
and used to synthesis a series of PEIAs via direct poly-
amidation of monomers 1-4 with a number of aromatic
diamines in the presence of TPP and Py. The results
presented herein also demonstrate clearly that the
incorporation of the benzazole ring as a pendant group
into the polymer backbone remarkably enhanced the
solubility and thermal stability of the polymers. Thus,
they are considered to be new and promising process-
able high-temperature polymeric materials.
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