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ABSTRACT: Photosensitive copolysiloxaneimides were prepared by adding a photosensi-
tive monomer such as hydroxyethylacrylate (HEA) to copolyisoimides, which were
synthesized by the copolycondensation of pyromellitic dianhydride, benzophenone tet-
racarboxylic dianhydride with oxydianiline, and bis(p -aminophenoxy)dimethylsilox-
ane. The forming process of isoimide rings caused by the reaction of polyamic acid with
dicyclohexylcarbodiimide and the disappearance process of isoimide rings caused by
the reaction of copolyisoimide with HEA were monitored in situ by infrared approach.
A series of photosensitive copolysiloxaneimides films were prepared, and the desired
structure–properties relationships about inherent viscosities, thermal expansion coef-
ficient, thermal stability and glass transition temperature, dielectric constants, mois-
ture absorption, and photosensitivity were also discussed. q 1997 John Wiley & Sons, Inc.
J Appl Polym Sci 64: 1463–1468, 1997
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INTRODUCTION Our group7–8 has reported two photosensitive
polyimide precursors by Ahne and colleagues’

Polyimides have played an important role in the method. In this work, we introduced an improved
electronics industry because they retain their ex- process for the synthesis of photosensitive silox-
cellent physical properties (dielectric, mechani- ane-containing copolyimide precursors. A series
cal, and thermal) at high temperatures, up to of photosensitive copolysiloxaneimides films were
450–5007C.1 But the patterning of nonphotosensi- prepared and the desired structure–properties re-
tive polyimides is very complicated. To reduce the lationships are discussed in this article.
number of patterning steps, considerable effort
has been made to develop photopatternable poly-
imides.2–5 Of particular interest are photosensi- EXPERIMENTAL
tive polyamic acid esters pioneered by Ahne and
colleagues.6 It has been found that these esters Reactants
have several disadvantages; specifically, the mo-

Monomers pyromellitic dianhydride (PMDA), ben-lecular weight control of the polymers is difficult
zophenone tetracarboxylic dianhydride (BTDA), andand the reaction process introduces chloride ions.
oxydianiline (ODA) were obtained from Shanghai
Chemical Reagent Co. Comonomer bis(p -amino-Correspondence to: P. Zhu.
phenoxy)dimethylsiloxane (APDS) was preparedContract grant sponsors: National Science Foundation of

People’s Republic of China; Science Foundation of Hebei Prov- in our own laboratory.8 Hydroxyethylacrylate
ince of People’s Republic of China; and Polymer Physics Labo- (HEA) and all other solvents were obtained fromratory, Changchun Institute of Applied Chemistry, Chinese

Tianjin Chemical Reagent Co. and purified by dis-Academy of Sciences.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/081463-06 tillation before use.
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plate and soft-baked at 707C for 10 h in air. The
soft-baked samples were then thermally imidized
in a Heraeus oven with a nitrogen flow by a step-
cure process: 1507C/1 h, 2007C/30 min, 2507C/
30 min, 3007C/30 min, and 3507C/30 min. The
heating rate for each step was 27C/min and cool-
ing rate was 17C/min. The thickness of cured films
was 20 to 40 mm.

Measurements

Infrared (IR) and ultraviolet (UV) spectra were
recorded on a Nicolet 170SX and Shimadzu UV-
3000 spectra photometer, respectively. Differen-
tial scanning calorimetry (DSC) and thermo-

Figure 1 A schematic representation of PSCOPI pre- gravimetric analysis (TGA) were performed at
cursor.9–11

a heating rate of 57C/min with a Perkin–Elmer
DSC-7 and TGS-2, respectively. A thermome-

Synthesis of Photosensitive Copolysiloxaneimide chanical analyzer (TMA) was used to measure
(PSCOPI) Precursor the thermal expansion coefficient (TEC) of the

PSCOPI films at heating rate of 57C/min, andBTDA, 3.542 g (0.011 mol), and PMDA, 2.398 g
average TEC between room temperature and(0.011 mol), were dissolved in 27 mL N-methyl-
2507C was calculated.2-pyrrolidone (NMP) with stirring. APDS, 0.548

Dielectric constant of the PSCOPI films wasg (0.002 mol), in NMP was added at room temper-
determined on a dielectric constant detector AG-ature for 3 h, then a solution of ODA, 3.6 g (0.020
4311LCR at room temperature at 1 KHz.mol), in NMP was added at the same temperature

The peel adhesion test was performed by theby overnight stirring, giving a polyamic acid solu-
circle-cut method. In this method, according to thetion. Dicyclohexylcarbodiimide (DCC), 9.064 g
status of peeling off, the adhesion between film(0.044 mol), was added to the polyamic acid solu-
and substrate is assessed qualitatively on the 1 totion with stirring for 1 h, giving a polyisoimide
7 grade. A higher grade indicates a larger peelingsolution, and then HEA, 5.8 g (0.05 mol), was
area. In other words, the higher the grade, theadded dropwise to this stirred solution at 507C for
worse the adhesion.10 h. The mixture was filtered to remove byprod-

ucts and the filter liquid was precipitated into de-
ionized water with stirring. The product was
washed with deionized water repeatedly until RESULTS AND DISCUSSION
there was no solvent in the product, then dried at
room temperature under vacuum.

IR SpectroscopyThe schematic of the synthesis is given in Fig-
ure 1. Five copolyimide precursors were prepared The forming process of isoimide rings caused by
with different contents of APDS, as shown in Ta- the reaction of polyamic acid with DCC can be
ble I. monitored by the IR method.

The procedure is as follows: Samples were
PSCOPI Film Preparation taken from the reaction mixture of polyamic acid

and DCC in NMP medium at certain intervalPSCOPI precursors solution in NMP (10% con-
centration by weight) was coated on the glass times of reaction, and the samples sandwiched

Table I Code Names of PSCOPI Precursors and the Molar Ratio of ODA and APDS

Polymer Code PSCOPI-1 PSCOPI-2 PSCOPI-3 PSCOPI-4 PSCOPI-5

BTDA : PMDA 1 : 1 1 : 1 1 : 1 1 : 1 1 : 1
ODA : APDS 100 : 0 95 : 5 90 : 10 85 : 15 80 : 20
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Figure 2 The normalized content of isoimide rings
changes with reaction time (in minutes).

between two NaCl plates. IR spectra series were
obtained at each interval time.

The extent of reaction at any time can be re-
lated to the ratio of the area of the isoimide peak
at 1805 cm01 to its initial area. To eliminate error
due to sample slippage, etc., the isoimide peak
can be normalized by dividing its area by that of
reference peak 1500 cm01 , which is due to C|C
benzene skeletal vibration absorption.

Therefore

Aisoimide(t ) Å A1805(t )
A1500(t )

r

A1500(0)
A1805(0)

where A1805(t ) and A1805(0) are the absorbance at
1805 cm01 at time t and zero, respectively; A1500(t )
and A1500(0) are the absorbance at 1500 cm01 at

Figure 4 UV absorption spectrum: (a) PI; (b)
PSCOPI-1; (c) PSCOPI-2 Ç 5.

time t and zero, respectively; and Aisoimide(t ) is the
fraction of isoimide at time t .

Figure 2 shows that the normalized contents of
isoimide rings changed with reaction time when
the polyamic acid reacted with DCC in NMP me-Figure 3 The normalized content of isoimide rings

changes with reaction time (in hours). dium at 0107C, 107C, 257C, and 507C.
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Table II Inherent Viscosities of PSCOPI

Polymer Code PSCOPI-1 PSCOPI-2 PSCOPI-3 PSCOPI-4 PSCOPI-5

Inherent viscosities (mL/g) 41.79 37.34 34.68 31.34 26.79

Measured with NMP at concentration of 0.5 g/dL at 307C.

Table III Thermal Expansion Coefficients of PSCOPI Films

Polymer Code PSCOPI-1 PSCOPI-2 PSCOPI-3 PSCOPI-4 PSCOPI-5

TEC (1105 K01) 3.7 3.9 4.24 4.63 4.80

Experimental results showed that the isoimide absorption is significant by comparing Figure
4(a) and (b). It is clear from Figure 4(a,b) thatrings rise very sharply at the beginning of the

reaction and then leveled off after 1 to 1.5 h. the introduction of benzophenone moiety to the
polymer backbone can increase the photosensitiv-According to similar method, the disappearing

process of isoimide rings caused by the reaction ity to i-line (365 nm) and j -line (334 nm). The
cause was attributed to the inherently photosensi-of isoimide rings with HEA can also be monitored

by the IR method. Figure 3 shows that the normal- tive C|O of BTDA.
ized content of isoimide rings changed with time
when the isoimide rings were reacted with HEA
in NMP medium at 357C, 457C, and 557C. Experi- Inherent Viscosities
mental results showed that the isoimide rings fell

Photosensitive copolysiloxaneimide precursorsquickly at the beginning of the reaction and then
shown in Table II were prepared similarly, exceptslowly after 8–10 h. The higher the reaction tem-
that the molar ratio of ODA/APDS varied fromperature, the faster the concentration of isoimide
1 : 0 to 4 : 1 while the molar ratio of BTDA/PMDArings decreased.
was 1 : 1. It can be seen clearly from Table II that
the inherent viscosity decreased with increasing

UV Spectroscopy APDS content in the polymer main chain. This
result might be attributed to the flexibility of thePhotosensitivity of photosensitive polyimide is
Si{O bonds. On the other hand, because bothvery important in electronics industry applica-
the polymer polarity and solubility are decreasedtions. One of the main purposes of this study is

to increase photosensitivity by introducing a
benzophenone-containing polyimide system. In
order to evaluate the photosensitivity of synthe-
sized PSCOPI, its solution was spun onto quartz
to create a thin film; its UV absorption spectrum
was then measured. Figure 4(a) UV absorption
spectrum corresponds to BTDA-free and siloxane-
free photosensitive polyimide precursor (i.e.,
PMDA/ODA/HEA); Figure 4(b) UV absorption
spectrum corresponds to PSCOPI-1; and Figure
4(c) UV absorption spectrum corresponds to
PSCOPI-2–PSCOPI-5. Experimental results re-
vealed that the introduction of siloxane moiety
and its content in copolymers have no significant
effect on UV absorption of the polymer, as shown
in Figure 4(b,c) .

However, the effect of introducing benzophe-
Figure 5 TGA curves for PSCOPI films.none moiety into the polymer main chain on UV
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Table IV Glass Transition Temperature (Tg)

Polymer Code PSCOPI-1 PSCOPI-2 PSCOPI-3 PSCOPI-4 PSCOPI-5

Tg (7C) 2687C 2527C 2407C 2387C 2357C

Table V Dielectric Constant of PSCOPI Films Under 1 KHz at Room Temperature

Polymer Code PIa PSCOPI-1 PSCOPI-2 PSCOPI-3 PSCOPI-5

Dielectric constant (e) 3.80 3.67 3.05 2.74 2.45

a Prepared from PMDA/ODA/HEA.

with increasing siloxane moiety content, the in- molecule. The PSCOPI precursor is a random co-
polymer composed of more than two monomers.herent viscosities also decreased.
The chain’s arrangement is lost due to the poor
regularity of molecule, which causes the increase

Thermal Expansion Coefficient of free volume fraction in the polymer.
PSCOPI films were run in the tensile mode on
the TMA in order to determine the average TEC

Dielectric Constantsbetween 30 and 2507C. As shown in Table III, the
TEC increased with increasing siloxane moiety The dielectric constants (1 ) were determined us-
content. It is estimated that the cause was that ing a dielectric constant detector. The measured
the siloxane is flexible. dielectric constant values of PSCOPI films are

listed in Table V. It is observed that the dielectric
constants reduced proportionally with the amountThermal Stability and Tg
of siloxane content in PSCOPI films, which may

Figure 5 shows the TGA curves for the PSCOPI be the result of the decrease in PSCOPI polarity
films. The TGA results indicate that the decompo- when the siloxane groups were introduced.
sition temperature at weight residue 95% occurs
at 430 to 5507C in air. Polyimides generally have

Moisture Absorptiongood thermal stability. However, as shown in Fig-
ure 5, some reduction in the thermal stability of Figure 6 displays the moisture absorption for
polymer was observed with increasing siloxane PSCOPI films, determined by monitoring capaci-
content because of the Si{CH3 groups are sus-
ceptible to thermal degradation, so the greater the
siloxane moiety content in the main chain, the
worse the thermal stability of the PSCOPI. This
is thought to be due to the introduction of flexible
spacer units (O{Si{O) that are randomly dis-
tributed in the backbone of the polymer.

Table IV gives the glass transition temperature
(Tg ) data of PSCOPI films measured on a DSC.
The Tg of PSCOPI films decreased with increased
content of siloxane moiety. This phenomenon was
caused by two possible reasons. One is the change
in molecular polarity. Since O{Si{O is a rela-
tively weak-polar group, the interaction among
the polar group of polymers would decrease with
increasing the content of O{Si{O and the mo-
lecular chains would become more flexible. The

Figure 6 Moisture absorption of PSCOPI films.other reason is the change in regularity of macro-
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Table VI Adhesion of Various PSCOPI Films to Different Substrates

Polymer Code PSCOPI-1 PSCOPI-2 PSCOPI-3 PSCOPI-4 PSCOPI-5

Fe 2 2 1 1 1
Si 2 2 2 2 1
SiO2 2 1 1 1 1

Higher grade indicates worse adhesion (i.e., 1 indicates better adhesion than 2).

tance change on exposure to a pre-set moisture 3. The introduction of BTDA has a significant
effect on the UV absorption for PSCOPI-2,room. The linear decrease of the moisture absorp-

tion appeared with increasing content of ran- PSCOPI-3, PSCOPI-4, and PSCOPI-5, but
the introduction of a siloxane group and itsdomly incorporated O{Si{O moieties. The re-

duction in moisture absorption is thought to be contents have no significant effect on UV
absorption.due to the introduction of the O{Si{O units

which reduce the polarity of PSCOPI so it de- 4. The thermal stability, dielectric constant,
and moisture absorption of siloxane-con-creases moisture absorption.
taining PSCOPI decreased with increasing
siloxane moiety content.

Adhesion Properties
This project was supported by the National ScienceThe adhesion strengths between one siloxane-free Foundation of the People’s Republic of China, by the

PSCOPI, four siloxane-containing PSCOPI, and Science Foundation of Hebei Province of the People’s
substrates are listed in Table VI. Substrates are Republic of China, and by the Polymer Physics Labora-
Fe, Si, and SiO2 wafers. tory, Changchun Institute of Applied Chemistry, Chi-

All samples were prepared by spin-coating on nese Academy of Sciences.
the substrate at 2000 rpm, followed by soft-baking
in a Hearaeus oven by a step-cure process: 1507C/
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