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Synthesis of Highly Refractive and Transparent Polyimides
Derived from 4,4’-[ p-Sulfonylbis(phenylenesulfanyl)]diphthalic
Anhydride and Various Sulfur-containing Aromatic Diamines

By Yasuo SUZUKI, Jin-gang LIU, Yasuhiro NAKAMURA, Yuji SHIBASAKI, Shinji ANDO, and Mitsuru UEDA™

Highly refractive and transparent polyimides (PIs) have been developed. The PIs were prepared from a para-substituted
sulfonyl-bridged dianhydride, 4,4'-[ p-sulfonylbis(phenylenesulfanyl)]diphthalic anhydride (p-DPSDA) and various sulfur-
containing aromatic diamines including 4,4’-thiobis[(p-phenylenesulfanyl)aniline] (3SDA), 4,4’-sulfonylbis[(p-phenylene-
sulfanyl)aniline] (BADPS), and 2,7-bis(p-aminophenylenesulfanyl)thianthrene (APTT) by employing a two-step poly-
condensation procedure. The PIs showed excellent thermal stabilities with 5% weight loss temperatures (T4’) exceeding
470°C in nitrogen and the glass transition temperatures (7,s) higher than 208 °C. The PI films exhibited good optical
transmittances exceeding 85% at 450 nm and high refractive indices of 1.7169—-1.7420 at 632.8 nm that are almost same as
those of the PIs derived from 4,4’-[m-sulfonylbis(phenylenesulfanyl)]diphthalic anhydride (mDPSDA). The para-substituted
electron-withdrawing sulfonyl moiety improves the transparency but lowers the refractive index. In addition, very small

birefringence (An) of 0.0065-0.0093 was obtained for the PIs.

KEY WORDS:

Polyimides (PIs) are a class of polymers extensively used in
microelectronics because of their outstanding key properties
such as high thermal stabilities, chemical resistance, and good
mechanical and excellent electrical properties.! They are used as
interlayer dielectrics in integrated circuit fabrication. Recently,
high refractive index PIs are increasingly noticed for microlens
components for charge coupled device (CCD) or complemen-
tary metal oxide semiconductor (CMOS) image sensors because
of their excellent properties described above and inherent high
refractive index.> Chen et al. prepared high refractive index
aminoalkoxysilane-capped pyromellitic dianhydride (PMDA)-
titania hybrid optical thin films from PMDA, aminopropyltri-
methoxysilane, and titanium (IV) isopropoxide via a sol-gel
process. The refractive indices of these hybrid optical thin films
were in the range of 1.567 to 1.780 depending on the titania
contents.? The syntheses of similar Pls/titania hydrid thin films
were also reported in several papers.*> However, high refractive
index PIs for microlens are required to have a good pattern
formability by the conventional photolithography technique
as well as low birefringence (An), good transparency in the
visible light region, and high thermal stability.

Based on these backgrounds, we have been interested in
developing practical high-n polymers, sulfur-containing Pls,
and reported several PIs containing thioether linkages, either
linear®” or cyclic.® Refractive indices as high as 1.76 at the
wavelength of 632.8nm, and in-plane/out-of-plane birefrin-
gences lower than 0.01 have been successfully achieved.’ For
fabricating optical devices, optical transparency might be one
of the most serious obstacles for high-n PIs. The formation of
intermolecular or intramolecular charge transfer complexes
(CTCs) between the electron-donating diamine moiety and
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the electron-accepting dianhydride moiety often results in the
deep coloration of the PI films in the visible light regions.'
To remedy this problem, we reported highly refractive and
transparent PIs derived from 4,4’-[m-sulfonylbis(phenylenesul-
fanyl)]diphthalic anhydride (mDPSDA) and various sulfur-
containing aromatic diamines.!! The average refractive index
(n,y) measured at 632.8nm range from 1.7162 to 1.7432
depending on the different sulfur contents of PIs, and the meta-
substituted electron-withdrawing sulfonyl moiety endowed PI
films with good optical transparency. The optical transmittan-
ces of the PI films at 450nm are higher than 85% for the
thickness of ca. 10 um.

As our continuous efforts to develop PIs with high refractive
indices, combined with low birefringence, high thermal
stability, and optical transparency, this paper reports the
synthesis and properties of PIs from 4,4’-[ p-sulfonylbis(phen-
ylenesulfanyl)]diphthalic anhydride (pDPSDA) and various
sulfur-containing diamines. Although the synthesis of PIs from
pDPSDA and aromatic diamines has been reported, their
optical properties have not been studied.!> The intramolecular
CT could be arisen from the contiguous (amine) phenyl donor/
imide acceptor fragments on the same chain, and the inter-
molecular CT could be arisen from a “mixed layer” config-
uration between the (amine) phenyl and imide groups of
neighboring chains. Thus, a bulky sulfony moiety should
reduce both the contiguous interaction between (amine) phenyl
donor/imide acceptor fragments and the formation of a “mixed
layer” configuration between the (amine) phenyl and imide
groups of neighboring chains,'® and is expected to endow PIs
with high transparency in a wide range in the visible region. On
the other hand, a strong electron-withdrawing sulfonyl group
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increases the formation of intermolecular or intramolecular
CTCs. In particular, the introduction of a sulfonyl unit at para
position compared to at meta position effectively increases the
electron-accepting ability, which may induce a decrease in
transparency. Thus, it is interesting to shed light on the effects
of a bulky and strong electron-withdrawing sulfonyl group at
para position to optical and thermal properties of the resulting
PIs. The structure-property relationships of the PIs derived
from para-sulfonyl substitute dianhydride are discussed with
comparing those of the corresponding PIs derived from meta-
sulfonyl substitute dianhydride.

These results indicate the PIs derived from pDPSDA have
nearly 30°C higher T,s than those of the corresponding PIs
derived from mDPSDA because a p-substituted sulfonyl
linkage gives the more rigid PIs compared to the PIs having
m-substituted sulfonyl linkage, which decreases the mobility of
polymer chains at elevated temperatures.

EXPERIMENTAL

Materials

4,4'-Dichlorodiphenylsulfone (TCI, Japan), sodium mono-
hydrogensulfide n-hydrate (NaSH-nH,0) and 4-bromophthalic
anhydride (TCI, Japan) were used as received. N-Methyl-2-
pyrrolidinone (NMP, Wako, Japan) and N, N-dimethylform-
amide (DMF, Wako, Japan) were purified by vacuum distil-
lation over CaH, prior to use. 4,4'-Thiobis[(p-phenylenesulfa-
nyl)aniline] (3SDA),” and 2,7-bis(p-aminophenylenesulfanyl)-
thianthrene (APTT)’ were synthesized according to our
previous work. 4,4’-Sulfonylbis[(p-phenylenesulfanyl)aniline]
(BADPS) was synthesized according to the literature.'?
Diphenylsulfone-4,4’-dithiol (1) was prepared from 4,4’-di-
chlorodiphenylsulfone and sodium monohydrogensulfide n-
hydrate according to the procedure in the literature.'*

Synthesis of pDPSDA

A two-necked 100mL flask equipped with a magnetic
stirrer, a nitrogen inlet, and a condenser was charged with a
mixture of 1 (2.12g, 7.5 mmol), 4-bromophthalic anhydride
(3.75g, 16.5mmol), anhydrous K,CO;3; (2.28 g, 16.5 mmol),
and freshly-distilled DMF (25 mL). The mixture was heated to
120°C in nitrogen for 12h. Then, the mixture was cooled to
room temperature, and the white solid was collected by
filtration, and dried in vacuo at 160°C for 3h. The obtained
white powder was boiled with concentrated hydrochloric acid
(50mL) for 3h. After the mixture was cooled to room
temperature, the white solid (tetra-acid) was collected by
filtration and washed thoroughly with cold water. The obtained
solid was recrystallized from acetic anhydride to afford the
dianhydride pDPSDA as pale-yellow powder. Yield: 2.12¢g
(49%). Mp: 230-232°C (lit.'”> 230-232°C). FT-IR (KBr,
cm™!): 1855 (C=0), 1778 (C=0), 1315 (S=0), 1253 (Ar-S-
Ar), 1153 (§=0). 'H NMR (300 MHz, DMSO-d6, ppm): 8.06—
7.99 (m, 6H), 7.96-7.94 (s, 2H), 7.90-7.85 (d, 2H), 7.69-7.64
(d, 4H). ELEM~ ANAL- Calcd. For C28H14OgS32 C, 58.53%; H,
2.46%. Found: C, 58.05%; H, 2.75%.

Synthesis of PI

The general polycondensation procedure can be illustrated
by the synthesis of PI-1 as follows. To a 30mL two-necked
flask equipped with a mechanical stirrer, a nitrogen inlet, and
a cold water bath was added 3SDA (0.433g, 1 mmol) and
freshly-distilled NMP (3.00g). A clear diamine solution was
obtained after stirring for 30 min. Then, DPSDA (0.575g,
1 mmol) was added in three portions to the stirred solution,
followed by washing with additional NMP (1.03 g). The solid
content of reaction mixture was adjusted to 20% by weight
at the same time. The reaction mixture was stirred in nitrogen
at room temperature for 24 h to afford a viscous pale-yellow
solution.

The purified poly(amic acid) (PAA) solution was spin-
coated on a silicon (Si) wafer or quartz substrate, and the
thickness was controlled by regulating the spinning rate. The
thickness of the specimen for Fourier transform infrared (FT-
IR) and ultraviolet-visible (UV-vis) measurements was con-
trolled to be approximately 10um, and the thickness of the
specimen to be used for measuring thermal properties was
adjusted to be 30-50um. The PI-1 film was obtained by
thermally curing the PAA solution in an oven at 80, 150, 250,
and 300°C for 1h each under nitrogen. The PI-1 film, which
was pale-yellow in color at the thickness of 10um, was
obtained by immersing the Si wafer in warm water.

The other PI films were prepared by a similar procedure
described above, except that 3SDA was replaced by BADPS
(PI-2), or APTT (PI-3), respectively.

Measurements

The 'H and '3C NMR spectra were recorded on a Varian
Mercury 300 spectrometer using CDCl; or DMSO-dg as
solvent and tetramethylsilane as reference. The spectra of 3C
DEPT-135 (Distortionless Enhancement by Polarization Trans-
fer) experiment were taken by using DMSO-d; as the solvent.
Inherent viscosity was measured using an Ubbelohde-viscom-
eter with a 0.5 g/dL. NMP solution at 30 °C. FT-IR spectra were
obtained with a Horiba FT-120 Fourier transform spectropho-
tometer. UV-vis spectra were recorded on a Hitachi U-3210
spectrophotometer at room temperature. PI films were dried at
100°C for 1 h before testing to remove the absorbed moisture.
Thermogravimetric analysis (TGA) was recorded on a Seiko
TG/DTA 6300 thermal analysis system at a heating rate
of 10°C/min in nitrogen. Differential scanning calorimetry
(DSC) was performed on a Seiko DSC 6300 at a heating rate
of 10°C/min. Dynamic mechanical thermal analysis (DMA)
was performed on PI film specimens (30 mm long, 10 mm
wide, and 50-60 um thick) on a Seiko DMS 6300 at a heating
rate of 2 °C/min with a load frequency of 1 Hz in air. The glass
transition temperature (7,) was determined as the peak
temperature of the loss modulus (E”) plot.

The in-plane (ntg) and out-of-plane (nty) refractive indices
of PI films were measured with a prism coupler (Metricon,
model PC-2000) equipped with a He-Ne laser light source
(wavelength: 632.8 nm). The polarization of the incident light
guided from a linearly polarized He-Ne laser was controlled by

Polymer Journal, Vol. 40, No. 5, pp. 414—420, 2008

©?2008 The Society of Polymer Science, Japan

415



Y. SUZUKI et al.

inserting a half-waveplate in the light path. The prism
attachable to the surface of PI films was made of a single
crystal of gallium-gadolinium-garnet (GGG). The birefrin-
gence (An) was calculated as a difference between nty and
nte. The average refractive index (n,,) was calculated accord-
ing to equation (1):

nav = v/ 2nre? 4+ ntm?)/3 n

DFT Calculation

The refractive indices of the aromatic PIs synthesized in this
study were calculated on the base of Lorentz-Lorenz theory
as reported previously.® One-electron transition energies and
the corresponding oscillator strengths of the PIs were also
calculated using the time-dependent density functional theory
(TD-DFT) to predict the optical absorption in the UV-visible
region.” The 6-311G(d) basis set was used for geometry
optimizations under no constraints, and the 6-3114+4G(d,p)
was used for calculations of linear polarizabilities, transition
energies, and oscillator strengths. The three-parameter Becke-
style hybrid functional (B3LYP) was adopted as a function
and all the calculations were performed using the software
package of Gaussian-03 (Rev.C02 and DO1). A typical
packing coefficient (K,) of 0.60 was used for evaluating the
intrinsic molecular volumes of models to predict the refractive
indices.

RESULTS AND DISCUSSION

Synthesis of Monomer

As Ding et al., prepared pDPSDA from 4-chlorophthalic
anhydride and 1 in the presence of triethylamine in N,N-
dimehylacetamide at 60 °C, we applied their method to prepare
pDPSDA. The yield, however, was so low. Thus, we referred
the method to prepare mDPSDA, i.e., pPDPSDA was prepared
from 4-bromophthalic anhydride and 1 in the presence of
anhydrous potassium carbonate in DMF at 120°C for 12h;
followed by dehydration with acetic anhydride (Scheme 1).
This procedure has been well established in the literature for
bis(ether anhydride) or bis(thioether anhydride) synthesis.!”
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Scheme 1. Synthesis of DPSDA.

Q QO 0
S
ST T L T - eedrm
S S
(6] (0]

p DPSDA
NMP, r.t., 24h

W@@@@M’
HOOC COOH
N2,

80°C, 1h; 150°C, 1h;
250°C, 1h; 300°C, 1h

Q Qé,O 0
Niz@ S Lo
4 S S N n

" OO0

3SDA (PI-1)
s s
o SQSQ JopbtweNe
BADPS (PI-2) APTT (PI-3)

Scheme 2. Synthesis of Pls.

Synthesis of Polyimide

A series of PIs were synthesized by employing a two-step
polycondensation procedure of pDPSDA with three sulfur-
containing diamines via the soluble PAA precursors, followed
by thermal imidization at elevated temperatures (Scheme 2).
The diamines employed for the polymerization have their own
special characteristics. 3SDA containing flexible linear thio-
ether linkages produced PIs with high n,,, low An, good
transparency, and low T, at the same time.” APTT possessing
higher sulfur contents (27.7 wt %) gave the PI with the highest
refractive index of 1.7600 while having high transparency and
a low birefringence.9 On the other hand, BADPS contains both
thioether and sulfonyl linkages; thus, the optical transparency
is improved because of the reductions in the chain-chain CT
interaction in the PIs caused by the incorporation of bulky
sulfonyl moiety and the meta-substituted structures.'®

PAAs with inherent viscosities in the range of 0.27-
0.37dL/g were prepared easily (Table I). Flexible and tough
PI films were obtained by heating the corresponding PAAs cast
onto a quartz substrate (diameter, 10cm) up to 300°C in
nitrogen, followed by immersion in warm water. The structure
of PIs was characterized by IR and elemental analysis. The FT-
IR spectra of pDPSDA /3SDA show characteristic absorptions
due to the imide ring at 1780 (vasc=0), 1720 (vsc=0), and
1387 cm™! (vas,cN) (Figure 1). The absorption due to C-S
stretching of an Ar-S-Ar unit is also observed at 1083 cm™!
(indicated by asterisks in the spectra). Furthermore, the
structures of the PIs were confirmed by elemental analysis.
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Table I. Inherent viscosities of PAAs
PI-1 PI-2 PI-3
[nlinn® (dL/9Q) 0.31 0.27 0.37

2Measured at a concentration of 0.5g/dL in NMP at 30°C.

PI-2

Transmittance

2000 1500 1000 500
Wavenumber (cm™)
Figure 1. FT-IR spectra of the PI films.
Table Il. Thermal properties of PI films
) T4%°  T4(DSC)°®  T4(DMA)°
Film color? 9 9
(°C) (°C) (°C)
pDPSDA/3SDA (PI-1) pale-yellow 501 208 202
pDPSDA/BADPS (PI-2)  pale-yellow 491 238 234
pDPSDA/APTT (PI-3) pale-yellow 474 235 233
ref-mDPSDA/3SDA pale-yellow 490 178 174
ref-mDPSDA/BADPS pale-yellow 494 207 203
ref-mDPSDA/APTT pale-brown 498 205 205

aColor at the thickness of approximately 10 um. ° Tse,: temperatures at
5% weight loss. °Ty: glass transition temperatures.

Thermal Properties of PIs

The thermal properties of the PIs were investigated by TGA,
DSC, and DMA measurements. The results are summarized in
Table II, where the corresponding PIS from mDPSDA are
listed for the comparison of these properties. The 5% weight
loss temperatures (T4°) in nitrogen were observed at 470-
500°C, indicating the thermal stability of sulfur-containing PIs
is a little low compared to that of their common analogs as
reported in the literature.'® The glass transition temperatures
(Ty) were 208, 238, and 235°C for PI-1, PI-2, and PI-3,
respectively. These results indicate the PIs derived from
pDPSDA have nearly 30°C higher T,s than those of the
corresponding PIs derived from mDPSDA because a p-
substituted sulfonyl linkage gives the more rigid PIs compared
to the PIs having m-substituted sulfonyl linkage, which
decreases the mobility of polymer chains at elevated temper-
atures.

Figure 2 shows the typical DMA curves of the PIs measured
at the loading frequency of 1 Hz. The relationships between the
temperatures and the storage modulus (E”), loss modulus (E”),
and tan$ of the polymers are illustrated, respectively. The
polymers retain their mechanical properties up to about 202 °C
for PI-1, 234 °C for PI-2, and 233 °C for PI-3. The modulus of

(a) 1o
E
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>
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—*—PI-1, E"
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t ——PI-3, E"
10° \ I I I

0 50 100 150 200 250 300

Temperature (°C)

tan &

0 7 50 10 15 200 250 300
Temperature (°C)

Figure 2. DMA curves of the PI films (1Hz, 2°C/min, in air). (a) Storage
modulus E’ and loss modulus E”; (b) tan .

the polymers dropped dramatically at T,. The T, values
determined as the peak temperatures of the E” plots are in good
agreement with those determined by DSC. The polymers show
the initial storage modulus of 1.6 GPa for PI-1, 3.0 GPa for
PI-2, and 2.9GPa for PI-3, indicating the good mechanical
properties of the polymers.

Optical Properties of PIs

The UV-vis optical transmission spectra of the PI films with
thicknesses of 7.0-9.6 um are shown in Figure 3 (top), and the
optical data are summarized in Table III. The cut-off wave-
lengths (Acywofr), Which are determined by the wavelengths
corresponding to the intersection points of the line tangent
to the UV-vis curves, are in the range of 373-390nm. The
transmittances of the films measured at 450 nm are entirely
higher than 85%, which is significantly higher than that of the
reference PI (ref-PI) derived from 4,4'-[p-thiobis(phenylene-
sulfanyl)]diphthalic anhydride (3SDEA) and 3SDA.” This
high transparency is attributable to the reduction of both the
contiguous interaction between (amine) phenyl donor/imide
acceptor fragments and the formation of a “mixed layer”
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Figure 3. Experimental UV-vis transmission and calculated absorption
spectra of the Pl films.
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Figure 4.

Table Ill. Optical properties of PI fiims
a b IC
(vftc%) T4(5°l;:)m (:’m) oy Ed lay Md r’avd And nccale
PI-1 19.8 90 7.4 1.7340 1.7275 1.7319 0.0065 1.7456
PI-2 19.2 96 7.3 1.7191 1.7124 1.7169 0.0066 1.7279
PI-3 22.4 86 11.2 1.7450 1.7357 1.7420 0.0093 1.7589
ref-mDPSDA/3SDA 19.8 92 5.4 1.7329 1.7269 1.7309 0.0059 1.7398
ref-mDPSDA/BADPS 19.2 95 3.6 1.7182 1.7121 1.7162 0.0061 1.7095
ref-mDPSDA/APTT 22.4 87 4.8 1.7453 1.7388 1.7432 0.0065 1.7537
ref-3SDEA/3SDA 20.5 60 9.3 1.7505 1.7437 1.7482 0.0068 1.7708

aSulfur content. P Transmittance at the wavelength of 450 nm. °Film thickness for refractive index measurement. “Measured at 632.8 nm, see Measurements.

©Calculated refractive index, see Calculation.

configuration between the (amine) phenyl and imide groups of
neighboring chains by the bulky sulfonyl groups. The calcu-
lated UV-vis absorption spectra of the PIs are shown in
Figure 3 (middle) with the stick spectra of oscillator strength
for one-electron transitions (bottom). The higher transparency
of PI-2 in the 400—450 nm range of transmission spectra is well
reproduced by the calculation. Since the calculated ionization
potential of BADPS (7.08 eV) is significantly larger than those
of 3SDA (6.63e¢V) and APTT (6.73eV), the one-electron
transition mainly originating from HOMO — LUMO for PI-2
appears at much shorter wavelength (422 nm) than those for
PI-1 (481 nm) and PI-3 (487 nm). In addition, the oscillator
strengths of the major m—n* transitions for PI-2 appearing

around 360-380nm are smaller than those of PI-1 and PI-3.
These facts clearly indicate that the incorporation of sulfonyl
linkage to the diamine moiety improves the optical trans-
parency. The higher transmittance in such short wavelength
region is quite important for the optical applications using the
whole range of visible light.

As described in the Introduction, a para-substituted sulfony
linkage effectively increases the electron-accepting ability of
an imide ring compared to a meta-substituted linkage, which is
expected to decrease transparency. However, the transparency
between the PI-1 film and the ref-mDPSDA/3SDA PI film is
almost same as shown in the UV-vis spectra (Figure 4, top).
This fact is also supported by the very close values of the

©?2008 The Society of Polymer Science, Japan
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transmittance at 450 nm (T4s0n,m) between the corresponding
para- and meta-substituted isomers, i.e., 90 and 92% for 3SDA-
derived, 96 and 95% for BADPS-derived, and 86 and 87% for
APTT-derived PIs. The calculated UV-vis absorption spectra
of the PIs are shown in Figure 4 (middle) with the stick spectra
of oscillator strength for one-electron transitions (bottom).
Firstly, the calculation indicates that ref-3SDEA /3SDA PI may
show the lowest absorption at the shorter wavelengths.
However, as shown in Figure 4, this PI exhibits significant
coloration in the experimental spectra with the 7450y value of
60%, which is attributable to the enhanced inter-molecular
interactions caused by the consecutive thiother substituents.
The thioether linkage is more likely to form well-packed
intermolecular orderings stabilized by the CTC formation in
contrast to sulfonyl linkage. Secondly, the calculated absorb-
ance of mDPSDA-derived PI in the shorter wavelength region
is slightly lower than that of pDPSDA-derived PI, which
coincides well with the experimental spectra. Since the
calculated electron affinity of mDPSDA (2.03eV) is slightly
smaller than those of pDPSDA (2.21eV), the one-electron
transition mainly originating from HOMO — LUMO for
mDPSDA-3SDA appears at shorter wavelength (477 nm) than
those for pDPSDA-3SDA (481 nm). In addition, the oscillator
strengths of the major m—n™* transitions appearing around 360—
380 nm in the former are smaller than those of the latter. These
facts clearly indicate that the incorporation of meta-linkage
to the dianhydride moiety improves the optical transparency.
The agreement between the experimental and calculated
absorption edges for the para- and meta-DPSDA-derived Pls
also demonstrates the limited influence of the intermolecular
interactions in these PIs. These behaviors may be explained as
follows; the sulfonyl group is far from the imide group and
does not influence the electron-accepting ability of an imide
ring. The contiguous interaction between (amine) phenyl
donor/imide acceptor fragments and the formation of a “mixed
layer” configuration are effectively reduced even by the para-
substituted sulfony linkage.

As listed in Table III, the in-plane (n1g) and out-of-plane
(nTm) refractive indices of the PI films ranged from 1.7191-
1.7450 and 1.7124-1.7357, respectively. The fact that the nrg
values of PI films are slightly higher than nry\ ones reflects the
higher chain orientation parallel to the film plane. The average
refractive indices (n,,) estimated from the nrg and nty values
range between 1.7169—1.7420 in the order of PI-3 (1.7420) <
PI-1 (1.7319) < PI-2 (1.7169). This trend agrees with that of
sulfur content, though it has been established that the refractive
indices of PIs are affected by several factors including
molecular geometry, molecular polarizability, and chain
linearity or flexibility of polymer backbone, and degree of
molecular packing.'” In addition, the trend is consistent with
the calculated refractive indices (ncy) using DFT. The
comparison among the n,, values for PI-1, PI-2, and ref-PI
indicates that the substitution of one and two sulfonyl linkages
for thioether linkages in the main chain reduce the n,, by
0.0163 (ref-PI — PI-1) and 0.0313 (ref-PI — PI-2), respec-
tively. These systematic decreases are essentially attributable

to the lower polarizability per unit volume of sulfonyl linkage
than that of —S— linkage. As discussed in our previous report,!!
the two oxygen atoms in sulfonyl linkage significantly increase
the molecular volume of the linkage and reduce the content of
polarizable sulfur atoms in the PIs. In addition, sulfonyl linkage
renders reduction of the intermolecular CTC formation and
the electron-donating ability of the diamine. A clear trade-off
relation exists between the refractive indices and the optical
transparency as seen in Figure 4 and Table III. Higher sulfonyl
content improves optical transparency but also leads to a lower
refractive index. In contrast, the introduction of thianthrene
ring (PI-3) significantly increase the values of sulfur content
(Sc) and ny,y, but they slightly deteriorate the optical trans-
parency as mentioned above. The coefficients of molecular
packing (Kp) estimated from the calculated molecular polar-
izabilities and experimental n,, values are 0.5916, 0.5931,
0.5899 for PI-1, PI-2, PI-3, respectively. It is interesting to note
that the highest K|, value was obtained with PI-2 containing two
sulfonyl linkages in the main chain, which demonstrates that
the sulfonyl linkage does not reduce the degree of molecular
packing but does the polarizability per volume. The same trend
was also observed for the PIs derived from mDPSDA. The
highest n,, observed for PI-3 (1.7420) is lower than that of ref-
3SDEA/3SDA PI (1.7482), but the much better transparency
of the former (pale yellow for a 10um-thick film) than the
latter (brown color for the same thickness) should be useful for
certain optical applications utilizing the whole range of visible
wavelengths (e.g., 400-800 nm).

Both of the flexible sulfone and thioether linkages in the
molecular chains of the PIs (PI-1 to PI-3) including the other
reference PIs endow them with low Arn in the range of 0.0061—
0.0093. Note that the PI containing a planar and two-dimen-
sionally polarizable ring of thianthrene (PI-3) also exhibits
a significantly small value of An. This indicates that the
introduction of sulfonyl linkage is an effective way to prevent
the in-plane orientation of PI chains. These optically isotropic
PI films are very desirable for advanced optical fabrications in
micro-optics and optical waveguide and circuit applications.

CONCLUSIONS

Novel PIs were prepared from pDPSDA and various sulfur-
containing diamines. The PIs derived from pDPSDA exhibited
higher T,s than those of their analogous mDPSDA-based PIs
due to their rigid polymer chains. The PI films exhibited good
optical transmittances exceeding 85% at 450nm and showed
pale-yellow color for the thickness of ca. 10um due to the
existence of the para-substituted bulky sulfonyl moieties. The
transparency of the PI-1 films derived from pDPSDA is almost
same as that of the PI film derived from mDPSDA. The average
refractive indices (n,,) measured at 632.8nm range from
1.7169 to 1.7420 depending on the different sulfur contents of
the Pls, and are almost same those of the PIs derived from
mDPSDA. In the same way of mDPSDA-based PIs, a clear
trade-off relation exists between the refractive indices and the
optical transparency; a higher sulfonyl content improves the
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transparency but lowers the refractive index. In addition, very
small birefringence (An) of 0.0065-0.0093 was obtained for
the PIs. The small difference in the optical properties between
the pDPSDA-based and mDPSDA-based PIs can be explained
by the nature of bulky sulfonyl linkage, which reduces both the
intra molecular interaction of donor and acceptor moieties in
the PIs and the intermolecular interaction between the PI
chains. The optical properties of proposed PIs are sufficiently
high to meet the requirements of optical fabrications. The good
combined properties of the present PIs make them good
candidates for advanced applications.
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