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ABSTRACT: A new thioether-bridged diimide-diacid
(DIDA) monomer was synthesized from the condensation of
5,50-thiobis(2-amino-4-methyl-thiazole) (DA) and trimellitic
anhydride at 1 : 2 molar ratio. A series of novel organic-solu-
ble poly(amide imide)s (PAIs) bearing flexible thioether link-
ages and heteroaromatic thiazole groups were synthesized
from DIDA with various commercially available aromatic
diamines (1–5) via a direct polycondensation method with
triphenyl phosphite and pyridine. The resulting polymers
were obtained in high yields and possessed inherent viscos-
ities in the range of 0.47–0.91 dL g–1. All of the polymers
were amorphous in nature, showed good solubility and
could be easily dissolved in amide-type polar aprotic sol-
vents (e.g., N-methyl-2-pyrrolidone, dimethyl sulfoxide, and
N,N-dimethylacetamide), and even dissolved in less polar

solvents (e.g., pyridine and tetrahydrofuran). They showed
excellent thermal stability with glass transition temperatures
between 233–269�C and 10% weight loss temperatures in
excess of 480�C in nitrogen and 450�C in air atmosphere. The
flexible structure endowed the PAI films with good optical
transparency. The optical transmittances of the PAI films at
450 nm were higher than 80% for the thickness of approxi-
mately 10 lm. Moreover, the thiazole moieties and flexible
thioether linkages in the molecular chains of the PAIs pro-
vided them with high refractive indices of 1.7329–1.7509 and
low birefringences of 0.0065–0.0098.VC 2012Wiley Periodicals,
Inc. J Appl Polym Sci 125: 1521–1529, 2012
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INTRODUCTION

The achievement of new functions of advanced opti-
cal devices is becoming progressively dependent on
the availability of novel functional materials.1–3 In
recent years, much attention has been paid to high re-
fractive index (high-n) polymers with good thermal
stability, high optical transparency, and low birefrin-
gence (Dn) for their potential applications in advanced
optoelectronic fabrications such as optical adhesives
or encapsulants for organic light-emitting diode
devices (OLED),4 antireflective coatings for advanced
optical applications,5 microlens components for
charge-coupled devices (CCD), and high-performance
complementary metal oxide semiconductor (CMOS)
image sensors (CIS), etc.6–8 According to the Lorentz–
Lorenz equation, the refractive indices of conven-
tional polymers, which are often in the range of
1.3–1.7, can be improved by the introduction of sub-
stituents with high molar refractions (RM) and low
molar volumes (VM).

9 Thus, aromatic rings, metallic

elements, sulfur, and halogens except fluorine have
been introduced in polymers to enhance their refrac-
tive indices.10–12 Among the various substituents, sul-
fur-containing groups, such as linear thioether (–S–),
cyclic thioether (thiophene and thianthrene), and sul-
fone (–SO2–), seem to be the most optimal candidates
because of their combined advantages to develop
high-n polymers.13–17 Consequently, various sulfur-
containing polymers, including poly(methacrylates),18

epoxy resins,19 polyurethanes,20 poly(arylene sul-
fide)s,21 and polyimides (PIs), have been well investi-
gated as high-n optical materials.22,23 Among them,
PIs are well-known for their excellent thermal stabil-
ity, high chemical resistance, and good mechanical
properties. They also show inherent high refractive
indices due to their high polarizable molecular chains
and are thus thought to be one of the most promising
choices for high-n polymers.24,25 Recently, Ueda lab
developed a series of PIs containing flexible thioether
linkages to increase the refractive indices of the con-
ventional PIs.10,11,15,16,26–30 These PIs exhibited
refractive indices >1.70 at the wavelength of 632.8 nm
and birefringences <0.01. Moreover, a facile approach
has been recently used by Yen and Liou31 to prepare a
series of novel optically isotropic, transparent, and
thermoplastic polyimidothioethers. These polymers
showed good thermal stability and high glass-transition
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temperatures associated with high refractive index
and ultra-low birefringence. However, most PIs are
generally difficult to process due to their poor solubil-
ity and high processing temperature, which limit their
widespread applications. Therefore, many attempts
have been made to improve their processabilities
either by introducing flexible linkages, noncoplanar
groups, or heteroaromatic rings into the polymer
backbones.32–34 Copolymerization is another approach
used to obtain soluble and processable PIs. Poly(amide
imide) (PAI) is a typical example of copolymerization,
which has the property advantages of both polyamides
and PIs and thus possesses thermal stability balanced
with processability.35 In a previous study,36 we
reported a series of PAIs based on a diamine monomer
containing flexible thioether linkage. It was found that
incorporation of both hydrogen-bonded amide groups
and flexible thioether linkages resulted in polymers
with enhanced solubility and processability.

Heteroaromatic rings containing AC¼¼NA bond-
ing are other candidates as effective substituents
to increase the polymers’ n values. Indeed, heter-
ocyclic rings such as pyridine, pyrimidine, pyrida-
zine, and triazine units instead of phenyl units
could be effective to enhance the refractive indi-
ces of polymers while keeping high optical trans-
parency.37–39 Thiazole is a rigid heteroaromatic
ring containing one AC¼¼NA bond. Thiazole-
containing polymers have been attracting much
attention for their unique properties and have
extensive applications in advanced optoelectronic
fields, such as organic field-effect transistors40

and electroluminescent devices.41 Also, thiazole-
containing PIs have been developed for non-linear
optical (NLO) applications.42 Although the electri-
cal and optical functions of the thiazole moiety
have been widely noticed, to our knowledge, its
contribution to the high refractive index of poly-
mers as sulfur-containing substituents has not
been addressed until now.

In this study, a new thioether-bridged diimide-
diacid (DIDA) monomer containing thiazole units
was designed and synthesized. A series of sulfur-
containing PAIs were prepared by polycondensation
of DIDA with various aromatic diamines. The
highly polarizable thiazole ring with rigid structure
and one AC¼¼NA bond is expected to endow the
PAIs with high refractive indices and thermal
stabilities. Also, the flexible thioether linkage would
be beneficial to maintain the high refractive indices
and low birefringences of the PAI films. The ther-
mal and solubility properties, as well as refractive
index, birefringence, dielectric constant, and optical
transparency of the copolyimides are investigated in
detail, and the effects of the chemical structures of
polymers on the physical properties are also
discussed.

EXPERIMENTAL

Materials

5,50-Thiobis(2-amino-4-methyl-thiazole) (DA) was syn-
thesized in our laboratory according to the reported
procedure,43 and recrystallized twice from ethanol.
Triphenyl phosphite (TPP, MERCK, Schuchardt,
Germany) and trimellitic anhydride (TMA, MERCK,
Schuchardt, Germany) were used without further
purification. N-methyl-2-pyrrolidone (NMP, MERCK,
Darmstadt, Germany) and pyridine (Py, Fluka, Buchs,
Switzerland) were purified by distillation under
reduced pressure over calcium hydride prior to use
and stored over 4 Å molecular sieves. LiCl (MERCK,
Darmstadt, Germany) was dried for 12 h at 180�C
under vacuum before use. 1,4-phenylene diamine (1;
MERCK, Darmstadt, Germany), 1,3-phenylene dia-
mine (2; MERCK, Darmstadt, Germany), and 2,6-dia-
minopyridine (3; MERCK, Darmstadt, Germany) were
purified by vacuum sublimation. 4,40-Oxydianiline (4;
MERCK, Darmstadt, Germany) and 4,40-diaminodi-
phenyl sulfone (5; MERCK, Darmstadt, Germany)
were purified by recrystallization from methanol. The
other commercially available reagents were used with-
out further purification.

Measurements

The 1H-NMR (300 MHz) and 13C-NMR (75 MHz)
spectra were measured on a Bruker DRX 300
AVANCE apparatus (Bruker BioSpin, Rheinstetten,
Germany) at an operating temperature of 25�C. Ele-
mental analysis performed by a Perkin–Elmer 2004
(II) CHN analyzer. The Fourier transform infrared
(FTIR) spectra were obtained in potassium bromide
(KBr) pellets on a Perkin–Elmer FT spectrum RX1
(Perkin Elmer, Norwalk, CT, USA) over the range
400–4000 cm–1. The ultraviolet–visible (UV–vis) opti-
cal absorption spectra were recorded on a Perkin–
Elmer Lambda 25 spectrophotometer (Waltham, MA,
USA) at room temperature. PAI films were dried at
100�C for 1 h before testing to remove the absorbed
moisture. Inherent viscosities (ginh ¼ lngr/c at
concentration of 0.5 g dL–1) were measured with an
Ubbelohde suspended-level viscometer (Canon
Instrument Co., State College, PA, USA) at 30�C using
N,N-dimethylacetamide (DMAc) as solvent. Melting
points (uncorrected) were measured with an Electro-
thermal engineering LTD 9200 apparatus (Essex, UK).
The wide-angle X-ray diffraction (WAXD) measure-
ments were performed at room temperature on a PW
1800 diffractometer (Philips, Eindhoven, Nether-
lands) with graphite monochromatized Cu Ka radia-
tion (k ¼ 1.5401 Å). The scanning rate was 0.08�/s
over a range of 2y ¼ 4–80�. Thermogravimetric analy-
ses (TGA) were conducted with a Du Pont 2000 ther-
mal analyzer (Du Pont 2000, Wilmington, DE, USA)
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under nitrogen and air atmospheres at a heating rate
of 10 �C min–1. Glass transition temperatures (Tgs),
taken as the midpoint of the change in slope of base-
line, were measured on a 2010 DSC TA instrument
(Brussels, Belgium), with a heating rate of 10 �C min–1.
Refractive indices of the PAI films were measured at
room temperature with a prism coupler (Metricon,
model PC-2010, Pennington, NJ, USA) equipped with
a He–Ne laser light source (wavelength: 632.8 nm).
The in-plane (nTE) and out-of-plane (nTM) refractive
indices were determined using linearly polarized
laser light parallel (transverse electric, TE) and per-
pendicular (transverse magnetic, TM) polarizations to
the film plane, respectively. In-plane/out-of-plane
birefringence (Dn) was calculated as a difference
between nTE and nTM. The average refractive index
(nAV) was calculated according to equation: nAV ¼
[(n2TE þ n2TM)/3]1/2. The dielectric constants (e) were
estimated from the measured refractive indices based
on the Maxwell equation (e ¼ 1.10 n2AV).

44

Synthesis of diimide-diacid monomer (DIDA)

A 100-mL round-bottom flask was charged with a
mixture of DA (2.58 g, 10 mmol), TMA (4.23 g, 22
mmol), and glacial acetic acid (40 mL). After this
heterogeneous mixture was refluxed for 12 h, it was
cooled to the ambient temperature. The mixture was
poured into 500 mL of water. The precipitate was
collected by filtration, washed with ethanol, and
recrystallized from the mixture of N,N-dimethylfor-
mamide (DMF)/water (v/v ¼ 7 : 1) and dried in
vacuum at 100�C for 24 h to afford a light yellow
solid. Yield: 92%; m.p. 270–271�C; IR (KBr) 3400–
2700 (broad), 1791, 1737, 1645, 1572, 1516, 1463, 1327,
1224, 1145, 1110, 1072, 1037, 926, 868, 819, 724, 685,
605 cm–1; 1H-NMR (300 MHz, DMSO-d6); d 2.452
(s, 6H), 8.071–8.097 (d, 2H, J ¼ 7.8 Hz), 8.293 (s, 2H),
8.391–8.417 (d, 2H, J ¼ 7.8 Hz); 13C-NMR (75 MHz,
DMSO-d6); d 15.37, 104.97, 124.40, 131.55, 134.30,
150.22, 150.98, 155.31, 163.88, 165.66, 169.59, 173.35
ppm; Analysis calculated for C26H14N4O8S3: C,
51.48%; H, 2.33%; N, 9.24%. Found: C, 51.39%; H,
2.28%; N, 9.31%.

Synthesis of poly(amide imide)s

PAIs were prepared by condensation reaction of
DIDA monomer with various aromatic diamines
(1–5). A typical polycondensation procedure for the
PAI-1 is described as follows. A mixture of 0.606 g
(1 mmol) of DIDA, 0.108 g (1 mmol) of 1,4-phenylene
diamine, 0.3 g of LiCl, 0.5 mL of TPP, 0.5 mL of pyri-
dine, and 3 mL of NMP was heated and stirred at
120�C for 3 h, under nitrogen atmosphere. As the pol-
ycondensation proceeded, the reaction mixture
became viscous gradually. The viscosity of reaction

solution increased after 1 h, and additional amount of
NMP (1 mL) was added to the reaction mixture. At
the end of the reaction, the polymer solution was
poured slowly into 250 mL of methanol under rapid
stirring. The product was filtered, washed thoroughly
with hot water (2� 100 mL) and methanol (100 mL),
and dried under vacuum at 100 C overnight. Further
purification was carried out by dissolving the poly-
mer in DMAc, filtering the polymer solution, and
then precipitating it into methanol. The inherent vis-
cosity of the polymer in DMAc was 0.91 dL g�1,
measured at a concentration of 0.5 g dL–1 at 30�C. IR
(KBr): 3300, 3063, 2920, 1778, 1722, 1671, 1602, 1538,
1500, 1377, 1304, 1237, 1168, 1114, 1092, 1013, 947, 872,
831, 724, 607 cm–1. Analysis calculated for
(C32H18N6O6S3)n: C, 56.63%; H, 2.67%; N, 12.38%.
Found C, 56.50%; H, 2.81%; N, 12.20%. All other PAIs
were also prepared using similar procedures.

RESULTS AND DISCUSSION

Monomer synthesis

As shown in Scheme 1, a novel diimide-diacid
monomer containing thiazole units (DIDA) was pre-
pared by condensation of DA with two mole equiva-
lents of TMA in refluxed glacial acetic acid. The
addition reaction between the amino and anhydride
groups, and subsequent cyclodehydration reaction
was carried out in heterogeneous solution. After pu-
rification by rinsing with ethanol and recrystalliza-
tion from DMF/water, the structure of the DIDA
monomer was confirmed by FTIR, 1H-NMR and 13C-
NMR, and elemental analysis. The FTIR spectrum of
DIDA revealed distinct peak features of carboxylic
acid and cyclic imide groups; absorption bands
around 2700–3400 cm–1 (C(O)O–H), 1792 cm–1 and
1737 cm–1 (asymmetrical and symmetrical stretching
vibrations of the C¼¼O of the imide ring). The 1H-
and 13C-NMR spectra of DIDA are presented in Fig-
ures 1 and 2, respectively. In the 1H-NMR spectrum,
the resonance signals at downfield regions; 8.071–
8.097 (d, J ¼ 7.8 Hz), 8.293 (s), and 8.391–8.417 (d, J
¼ 7.8 Hz) ppm are ascribed to the protons of

Scheme 1 Synthesis of the diimide-diacid monomer
(DIDA).
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trimellitimido group (Hd, Hb, and Hc). This is
because of the conjugation effect by carboxylic acid
and imide ring. Also, the area of integration for the
protons is in accordance with the assignment. 13C-
NMR spectrum of DIDA reveals that carbonyl car-
bons of carboxylic acid and imide groups resonate
in the downfield at 173.35, 165.66, and 163.88 ppm,
respectively. The chemical shift in the upfield region
(15.38 ppm) is ascribed to the resonance of aliphatic
methyl group. In addition to IR and NMR spectra,
the elemental analysis results of DIDA also generally

agreed with the calculated values for the proposed
structure.

Polymer synthesis

The direct polycondensation of aromatic dicarboxylic
acids with aromatic diamines using TPP and pyri-
dine as condensing agents has been known to be an
efficient method for the preparation of aromatic pol-
yamides on laboratory scale.45 This method was suc-
cessfully adopted here to prepare aromatic PAIs,

Figure 1 1H-NMR spectrum of diimide-diacid monomer (DIDA).

Figure 2 13C-NMR spectrum of diimide-diacid monomer (DIDA).
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PAI-1–PAI-5, from DIDA with various aromatic dia-
mines 1–5, as shown in Scheme 2. Synthesis condi-
tions and inherent viscosities of the polymers are
summarized in Table I. All the polycondensations in
NMP proceeded readily in a homogeneous solution.
Tough and stringy precipitates formed when the
viscous polymer solutions were trickled into the stir-
ring methanol. These PAIs were obtained in high
yields (91–95%), and the inherent viscosities were in
the range of 0.47–0.91 dL g�1 which were measured
in DMAc solutions. The PAIs films were prepared
by spin-coating the PAIs–DMAc solutions on silicon
(Si) wafer, and the thickness was controlled by regu-
lating the spinning rate. The thickness of PAIs films
for UV measurements was controlled to be � 10 lm.
The structural features of these PAIs were verified
by elemental analysis and FTIR spectroscopy. The
elemental analysis values generally agreed with the
calculated values for the proposed structures of
polymers (Table II). However, because of the hygro-
scopic nature of the amide groups, the values of car-
bon were lower than the calculated values for the

proposed structures.46 IR spectrum of a representa-
tive PAI, PAI-1, is shown in Figure 3. The FTIR
spectra of these PAIs exhibited the characteristic
absorption bands for the imide ring at � 1780 cm–1

and � 1720 cm–1 (asymmetrical and symmetrical
C¼¼O stretching), � 1380 cm–1 (CAN stretching),
� 1092 cm–1 and 725 cm–1 (imide ring deformation).
The absorption of amide group appears at � 3300
cm–1 (NAH stretching) and � 1670 cm–1 (C¼¼O
stretching).

Polymer solubility

Solubility of the polymer is a major factor that
shows its processability for different applications.
The solubility behavior of these sulfur-containing
PAIs was determined by dissolving 0.05 g of poly-
mers in 1 mL of solvent, including NMP, DMSO,
DMAc, DMF, THF, pyridine, acetone, and chloro-
form for 24 h at room temperature (25�C) or upon

Scheme 2 Synthesis of the PAIs.

TABLE I
Synthesis Conditions and Inherent Viscosities of

Poly(amide imide)s

Polymer
code

Amount of reagent useda

ginh
c(dL/g)

NMP
(mL)

Pyridine
(mL)

LiCl
(g)

PAI-1 3 þ 1b 0.5 0.30 0.91
PAI-2 3 0.5 0.25 0.79
PAI-3 2.5 0.6 0.25 0.47
PAI-4 2.5 0.5 0.25 0.85
PAI-5 3 þ 1 0.6 0.30 0.69

a Amount of each DIDA and diamine monomer ¼ 1.0
mmol; TPP ¼ 0.5 mL; reaction temperature ¼ 120�C; reac-
tion time ¼ 3 h.

b ‘‘3 þ 1’’ means that an initial amount of 3 mL NMP
was used and an additional 1 mL of NMP was added
when the reaction solution became too viscous.

c Measured at a concentration of 0.5 g/dL in DMAc at
30�C.

TABLE II
Elemental Analysis and Moisture Uptake of PAIs

Polymer code

Formula Elemental analysis (%)

Moisture uptakea (%)(Formula weight) C H N

PAI-1 (C32H18N6O6S3)n (678.72)n Calcd. 56.63 2.67 12.38 2.03
Found 56.50 2.81 12.20

PAI-2 (C32H18N6O6S3)n (678.72)n Calcd. 56.63 2.67 12.38 2.07
Found 56.48 2.88 12.17

PAI-3 (C31H17N7O6S3)n (679.70)n Calcd. 54.78 2.52 14.42 2.23
Found 54.59 2.75 14.33

PAI-4 (C38H22N6O7S3)n (770.81)n Calcd. 59.21 2.88 10.90 2.19
Found 59.03 3.03 10.77

PAI-5 (C38H22N6O8S4)n (818.88)n Calcd. 55.74 2.71 10.26 2.35
Found 55.58 2.94 10.09

a Moisture uptake (%) ¼ (W � W0/W0) � 100%; W: weight of polymer sample after standing at room temperature, W0:
weight of polymer sample after being dried in vacuum at 100�C for 12 h.
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heating in tightly closed vials. Enhancement of solu-
bility of PIs in common low-toxic solvents has been
successfully achieved by introduction of flexible thi-
oether linkages and hydrogen-bonded amide groups
in our previous works.36,47 Similarly, in the present
study, almost all the polymers were dissolved not
only in highly polar solvents such as NMP, DMSO,
DMAc, and DMF, but also in moderate polar sol-
vents such as pyridine and THF. As indicated in Ta-
ble III, PAI-4 derived from 4,40-oxydianiline showed
an improved solubility compared with other poly-
mers, especially in some low boiling point solvents.
Also the unique enhanced solubility of the meta-
related polymers (PAI-2 and PAI-3) might be attrib-
uted to the higher entropy state of the polymer

chains resulting from the meta linkages. In general,
the good solubility of these PAIs is mainly attributed
to the synergic effects of flexible thioether linkages
and also hydrogen-bonded amide groups which
could inhibit close packing and reduce the interchain
interactions to enhance solubility. The good solubil-
ity of the present PAIs in low-toxic solvents facili-
tates their applications in high-tech fields.

X-ray diffraction of the polymers

The morphological structure of the PAIs was esti-
mated by WAXD in a spectral window ranging from
2y ¼ 4� to 80�. The curves of all the polymers were
broad and without obvious peak features, which
indicate that they are all amorphous. The highly
amorphous nature of these PAIs is mainly attributed
to the presence of the pendent methyl groups in the
polymer backbone. The incorporation of pendant
groups decreases the backbone symmetry and regu-
larity, through weakening intermolecular forces such
as hydrogen bonding between the polymer chains,
and a lowering chain packing efficiency which
results in decreased crystallinity. Thus, the amor-
phous structure of these PAIs also reflected in their
good solubility in common organic solvents and
good film forming ability. A representative diffracto-
gram of the polymers (PAI-1) is shown in Figure 4.

Thermal properties

The thermal properties of the polymers, which were
evaluated by DSC and TGA methods, are listed in

Figure 3 IR spectra of diimide-diacid monomer (DIDA)
and PAI-1.

TABLE III
Solubilitya of Poly(amide imide)s

Polymer code

Solventb

NMP DMSO DMAc DMF THF Pyridine Acetone Chloroform

PAI-1 þ þ þ þ 6 – – –
PAI-2 þþ þ þ þ S 6 – –
PAI-3 þþ þþ þ þ 6 S – –
PAI-4 þþ þþ þþ þþ þ þ þ 6
PAI-5 þþ þ þ þ 6 6 – –

(þþ) Soluble at room temperature, (þ) soluble after heating, (6) partially soluble, (S) swelling, (�) insoluble.
a Solubility: measured at a polymer concentration of 0.05 g/mL.
b NMP: N-methyl-2-pyrrolidone; DMSO: dimethyl sulfoxide; DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylforma-

mide; THF: tetrahydrofuran.

Figure 4 WAXD pattern of PAI-1.
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Table IV. The DSC analysis shows that in each sam-
ple there is no evidence of crystallization and melt-
ing processes. Therefore, the polymers are in a full
amorphous state and do not show any tendency to
crystallize, even during the cooling step. Tg is one of
the important parameters of high-n optical polymers
when considering the high-temperature circum-
stance during fabrication and the long-term heat-
releasing environment due to the miniaturization of
optoelectronic devices.48 The Tg values of aromatic
PAIs were in the range of 233–269�C, which follows
the decreasing order of the chain flexibility and
steric hindrance of the polymers backbones. For
example, PAI-2 with meta-substituted phenylene
rings had a Tg of 250�C, whereas a higher value of
269�C was observed for PAI-1, which had para-sub-
stituted phenylene rings. PAI-1 showed the highest
Tg value of all the PAIs, which could be attributed
to its rigid para-phenylene segments in the polymer
backbone. Also, PAI-5 having the rigid sulfone
groups in polymer backbones showed higher Tg

value than corresponding PAI-4.

The thermal and thermo-oxidative stabilities of the
polymers were characterized by TGA measurements
in both nitrogen and air atmospheres. The tempera-
tures at 10% weight loss (T10) were determined from
the original thermograms and are tabulated in Table
IV. These PAIs showed good thermal stability and
had no notable weight loss below 480�C in nitrogen
atmosphere. T10 values of the PAIs were in the range
of 482–510�C in nitrogen and in the range of 453–
466�C in air, respectively. The amount of residue of
all PAIs at 700�C in nitrogen atmosphere was higher
than 50%, especially, PAI-1 had highest yield up to
66%. The thermogravimetric curves of the PAIs in
nitrogen atmosphere are shown in Figure 5. As
expected, these polymers possessed excellent ther-
mal stability which could withstand the elevated
processing. Thus, the introduction of flexible thio-
ether linkages and pendant methyl groups did not
deteriorate their thermal stability significantly.

Optical properties

Table V summarizes the sulfur content and optical
properties of the PAI films, including transmittances

Figure 5 TGA curves of PAIs with a heating rate of 10
�C/min in nitrogen atmosphere.

TABLE IV
Thermal Characterizations of PAIs

Polymer code

DSC

TGA

Decomposition
temperaturea (�C) Char yieldb (%)

Tg
c (�C) In air In nitrogen

PAI-1 269 466 510 66
PAI-2 250 457 496 59
PAI-3 255 461 503 61
PAI-4 233 453 482 53
PAI-5 261 466 507 64

a Temperature of 10% weight loss determined in nitro-
gen and air atmospheres.

b Residual weight (%) at 700�C in nitrogen.
c Tg measured by DSC at scanning rate of 10 �C/min in

flowing nitrogen.

TABLE V
Optical Properties of PAIs Films

Polymer code Sc (wt %)a

Refractive indices and birefringence

Dielectric constantsgT450 (%)b nTE
c nTM

d nAV
e Dnf

PAI-1 14.17 81 1.7410 1.7312 1.7377 0.0098 3.32
PAI-2 14.17 83 1.7388 1.7305 1.7360 0.0083 3.31
PAI-3 14.15 83 1.7447 1.7368 1.7421 0.0079 3.34
PAI-4 12.48 85 1.7351 1.7286 1.7329 0.0065 3.30
PAI-5 15.66 88 1.7533 1.7462 1.7509 0.0071 3.37

a Sulfur content.
b Transmittance at 450 nm (10 lm thick).
c nTE: the in-plan refractive index at 632.8 nm at ambient temperatures.
d nTM: the out-of-plan refractive index at 632.8 nm at ambient temperatures.
e Average refractive index; nAV ¼ [(2n2TE þ n2TM)/3]1/2.
f Birefringence; Dn ¼ nTE – nTM.
g Optically estimated dielectric constant; e ¼ 1.10 n2AV.
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at 450 nm (T450), in-plane (nTE) and out-of-plane
(nTM) refractive indices, average refractive indices
(nav), birefringences (Dn), and optical dielectric con-
stants (e). The UV–vis transmission spectra of the PAI
films with thicknesses of approximately 10 lm are
shown in Figure 6. The spectral shapes of the five
PAIs were similar to each other and the cutoff wave-
lengths of the films were in the range of 332–386 nm.
The optical transmittances of the films measured at
450 nm were entirely higher than 80% because the
flexible thioether (–S–) linkages would effectively
prevent interchain molecular packing. In particular,
PAI-5 obtained from DIDA and 4,40-diaminodiphenyl
sulfone exhibited the highest optical transparency
with the smallest value of kcutoff, which is attributable
to the reduction of the intermolecular interactions by
the bulky sulfonyl substituents. These results indicate
that the optical transparency is not deteriorated by
the introduction of thiazole units into the PAIs.

It has been established that the refractive indices
of PIs are affected by several factors including sulfur
content, molecular geometry, molecular polarizabil-
ity, flexibility of polymer backbone, and degree of
molecular packing.49 As listed in Table V, the in-
plane (nTE) and out-of-plane (nTM) refractive indices
of the PAI films measured at 632.8 nm ranged from
1.7351 to 1.7533 and 1.7286 to 1.7462, respectively.
All the PAI films exhibited higher nTE values than
nTM, indicating that the molecular chains were pref-
erentially aligned in the film plane. The average re-
fractive indices (nav) estimated from the nTE and nTM
values ranged between 1.7329 and 1.7509 in the
order of PAI-5 (1.7509) > PAI-3 (1.7421) > PAI-1
(1.7377) > PAI-2 (1.7360) > PAI-4 (1.7329). The fact
that the nav value for PAI-2 is lower than that for
the isomeric PAI-1 clearly indicates the meta-caten-
ated diamine moiety in PAI-2 causes a lowering of
molecular packing, leading to the reduction of nav.
Furthermore, the highest nav observed for PAI-5
(1.7509) could mainly attribute to its highest sulfur
content among the PAIs. In general, the high refrac-
tive index of the PAIs is obviously attributed to the

introduction of highly polarizable thiazole units and
thioether linkages into the polymers.
Birefringence expresses the level of optical anisot-

ropy in the film, and it is defined as the difference
in refractive index between two orthogonal planes of
polarization.50 Moreover, the birefringence of poly-
mer materials comes mainly from the preferred ori-
entation of rigid groups and polymer chains.51 In
this work, all the PAI films exhibited very small
birefringence values (Dn) in the range of 0.0065–
0.0098. Highly flexible thiazole–S–thiazole linkages
in the main chain contributed to lowering the film
birefringence by increasing the chain mobility and
decreasing the chain packing.
The dielectric constants (e) of the PI films can be

roughly estimated from the refractive indices using
the modified Maxwell equation (e ¼ 1.10nAV

2),
where e is the dielectric constant at around 1 MHz.
Thus, the estimated e values of the PAIs were in the
range of 3.30–3.37 which were slightly lower than
those of the wholly aromatic PIs (e ¼ 3.50–3.60).14

CONCLUSIONS

A new thioether-bridged diimide-diacid monomer
containing thiazole rings (DIDA), was synthesized
and polymerized with various aromatic diamines to
afford a series of sulfur-containing PAIs. The nav val-
ues measured at 632.8 nm range from 1.7329 to 1.7509
depending on the different sulfur contents of the
PAIs. As expected, the thiazole groups and flexible
thioether linkages in the DIDA monomer endow the
PAIs with high refractive indices, low birefringences
(0.0065–0.0098), and relatively good optical transpar-
ency. Moreover, these PAIs exhibited good solubility
in various organic solvents and excellent thermal and
thermo-oxidative stability. According to the X-ray dif-
fractograms and solubility data, the flexible thioether
linkages which prevent polymer chains from packing
well, are responsible for the amorphous and good sol-
ubility characteristics of all polymers. Thus, the good
combined properties make the present PAIs good
candidates for advanced optical device fabrications.
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