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POSITIVE PHOTOREACTIVE POLYIMIDES.

IIl. PREPARATION AND CHARACTERIZATION OF POLYIMIDE
PRECURSORS CONTAINING o-{2-NITROPHENYL)JETHYL
ESTER SIDE CHAINS

SHIGERU KUBOTA, TOSHIMOTO MORIWAKI, TORAHIKO ANDO,
and AKIRA FUKAMI

Polymer Engineering Department

Materials and Electronic Devices Laboratory
Mitsubishi Electric Corporation

8-1-1 Tsukaguchi-honmachi Amagasaki, 661, Japan

ABSTRACT

The monomers were derived from pyromellitic dianhydride and a-(2-
nitrophenyl)ethanol, which was prepared by selective reduction of
2-nitroacetophenone. Polyimide precursors were synthesized by an
interfacial polycondensation technique. Their thermal properties in
nitrogen were studied by dynamic thermogravimetry. The photore-
arrangement of 2-nitrobenzyl ester having a methyl group at the a-
position compared to that of the unsubstituted ester was investigated
by infrared spectrophotometry. The polymers obtained in this study
gave a high proportion of photorearrangement to show high sensitivity.
The exposed areas dissolved in 2% aqueous KOH, forming high resolu-
tion patterns because they did not swell during the developing process.

INTRODUCTION

Polyimides have found applications in the microelectronics industry be-
cause of excellent electrical properties and high thermal stability [1}. Ina
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previous study [2] we tried to prepare a positive photoreactive polyimide
and showed that this purpose is achieved when the 2-nitrobenzyl group is
introduced into the side chain of a polyamic acid through an ester linkage.
However, as the imaging characteristics are investigated, it has become appar-
ent that there is a limit to the film thickness that can be exposed and devel-
oped. This system, therefore, is of low sensitivity for practical purposes.

It was reported that substitution at the a-position of the 2-nitrobenzyl
group increased the conversion for the photorearrangement of this ester {3].
Further, Reichmanis and coworkers prepared a series of 2-nitrobenzyl chol-
ates which had substituent groups in the alcohol portion, and they reported
that the derivative with methyl groups in the a-position showed a high quan-
tum yield [4].

The object of this article is to improve the sensitivity of the reported poly-
mer [2]. The monomer’s synthesis (from a-(2-nitrophenyl)ethanol) and
polymerization are described. Moreover, we discuss the characterization of
the polyimides prepared.

EXPERIMENTAL

Solvents and Reagents

Pyromellitic dianhydride (PMDA) was obtained from commercial sources
and purified by recrystallization from acetic anhydride.

4,4’ -Diaminodicyclohexylmethane (MCH) was purified by distillation
under reduce pressure. 4,4’-Diaminodiphenyl ether (ODA) and 4,4'-(di-4-
aminophenyl)diphenyl sulfone (PAS) were purified by recrystallization from
toluene.

1,2-Dichloroethane and toluene were distilled at atmospheric pressure.

2-Nitroacetophenone (NA), methanol, tetrahydrofuran (THF), sodium
borohydride, diethy! ether, acetic acid, thionyl chloride, sodium carbonate,
m-cresol, and N-methyl-2-pyrrolidone (NMP) were obtained from commer-
cial sources and used without purification

Materials

a~(2-Nitrophenyl)ethanol (NPE) was prepared by selective reduction of
2-nitroacetophenone [S]. Sodium borohydride (6.0 g, 0.158 mol) was gradu-
ally added as a solid to a solution of 25.0 g (0.152 mol) of 2-nitroacetophe-
none in 200 mL of methanol at room temperature. Cooling was used to
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moderate the reactions and to maintain the temperature in the range from 25
to 30°C. After the addition was complete, the resulting solution was stirred
for 2 h at room temperature. Most of the solvent (methanol) was evaporated
in vacuo. The residue was poured into 200 mL of a saturated aqueous solu-
tion of sodium chloride, and the crude product was extracted with four 150-
ml portions of diethy! ether. After the solution was dried over anhydrous
magnesium sulfate, and diethyl ether was removed by evaporating, the frac-
tion boiling in the range 113-114°C at 1.5 torr was collected as a pale yellow
oil. Yield 88.0%; bp 125-126°C/3 torr, 117-118°C/2 torr, 113-114°C/1.5
torr.

Analysis. Calculated for CgHoNO;: C, 57.48; H, 5.43; N, 8.38%. Found:
C,57.66;H,5.33; N, 8.41%.

Pyromellitic acid di(a-(2-nitrophenyl)ethyi)ester (NPEPA) was prepared
from the reaction of PMDA with NPE in acetic acid. A solution of PMDA
(21.8 g, 0.1 mol) and NPE (40.0 g, 0.24 mol) in 350 mL acetic acid was made
to react at reflux temperature for 24 h. Acetic acid was removed by evapor-
ating at reduced pressure to yield a white solid. The solid was washed with
toluene, filtered, and dried in vacuo for 16 h. Yield 56%, mp 212°C.

Analysis. Calculated for C;0H,00,2N,: C, 56.53; H, 3.65; N, 5.07%.
Found: C, 56.74;H, 3.55; N, 5.25%.

Pyromellitic acid dichloride di(a-(2-nitrophenyl)ethyl)ester (NPEPC) was
prepared as follows. A mixture of NPEPA (10 g) in thionyl chloride (150 g)
with a few drops of N,V -dimethylformamide as a catalyst was refluxed for
2 h to give a clear solution. After the reaction, thionyl chioride was removed
by evaporating at reduced pressure to give a brown oil which was dissolved
in 50 mL dried toluene with heating. NPEPC was recovered as crystals from
the solution on standing for a few days at room temperature. Yield 50.0%,
mp 189°C.

Analysis. Calculated for C,H,50:0N,Cly: C,52.99; H, 3.08; N, 4.75.
Found: C, 53.14;H, 3.05; N, 4.93%.

Polymerization

Polyimide precursors were synthesized by an interfacial polycondensation
technique, as previously reported [2]. A typical polymerization was carried
out by the following method.

MCH (1.05 g, 5 mmol) in 100 mL THF was mixed with sodium carbonate
(1.06 g, 10 mmol) in 150 mL distilled water, and the resulting solution was
cooled in an ice bath. As the blender rotor was raised to a high speed, a solu-



18:17 24 January 2011

Downl oaded At:

1410 KUBOTA ET AL.

tion of 2.947 g (5§ mmol) of NPEPC in 300 mL 1,2-dichloroethane was added.
The mixture was stirred for 15 min at ice-bath temperature and then for 30
min at room temperature. After the polymerization the reaction suspension
was poured into 500 mL methanol, and the polymer was washed several
times with water and finally with methanol. The polymer was collected by
filtration and dried in a vacuum oven for about 16 h at room temperature.
The yield was 3.56 g (98%). V

The intrinsic viscosities of the obtained polymers were measured at 30°C
in m-cresol with an Ubbelohde suspended-level viscometer. The results of
the polymer synthesis are summarized in Table 1.

Measurements

Thermogravimetric analyses (TGA), differential temperature analyses
(DTA), and IR and UV spectra were measured by the previously reported
method [2].

Lithographic Evaluation

Polymer Coating. The polymers in NMP (12% solid) were spin-coated on
silicon wafer substrates which had been treated with 0.2% y-aminopropyltri-
methoxysilane solution in isopropanol to increase the adhesion force. The
coating films were prebaked at 70°C for 30 min. The spun-on coating thick-
ness and the step heights after development were measured with an Alpha
Step-100 profilometer.

Exposure. The coating film was exposed with a 500-W Xe-Hg high pres-
sure lamp (Ushio Electric Inc.) through a chrominum mask on a quartz sub-
strate in contact.

Development. The irradiated films were developed by immersion develop-
ment with 2% aqueous KOH at 22-24°C. They were washed with a large ex-
cess of water after development,

RESULTS AND DISCUSSION

Synthesis

It is considered that the introduction of substituent groups into the 2-nitro-
benzyl group facilitates the photorearrangement of the 2-nitrobenzyl ester. In-
troducing the methyl group into the a-position of 2-nitrobenzyl group gives a
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FIG. 2. IR spectra of monomeric materials.
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TABLE 1. Characteristics of Prepolymers

Yield, Thermal analysisb
Polymer Dichloride  Diamine % [n]2 EPTC°C IDTA°C
H NPEPC MCH 98 070 274 190
B¢ NBPC MCH 97 0.65 259 168
I NPEPC ODA 97 1.08 249 186
K NPEPC p-DADS 99 086 237 198

aMeasured in m-cresol at 30°C.

bDetermined in nitrogen at 10°C/min heating rate.

CEndothermic peak temperature by DTA.

d1nitial decomposition temperature by TGA.

€Polymer B was prepared from pyromellitic acid dichloride di(2-nitro-
benzyl) ester (reported in Ref. 2).

high quantum yield for the photoreaction [4]. In this study we tried to pre-
pare a positive photoreactive polyimide having higher sensitivity than a previ-
ously reported polyimide [2] on the basis of the above data.

There are two methods for synthesis of 2-nitrobenzyl alcohol with a methyl
group in the a-position: one is a nucleophilic addition reaction between acet-
aldehyde and arylmagnesium halides (Grignard reagents), and the other is a
selective reduction of 2-nitroacetophenone by metal hydride., The former is
very sensitive and must be protected carefully from the atmosphere (oxygen,
carbon dioxide, water vapor, etc.), while the latter does not require the reac-
tion environment to be as strictly controlled. Therefore, we attempted to
prepare the alcohol by the latter method.

When sodium borohydride was used in the method described in the Experi-
mental section, the alcohol was obtained in high yield. Figure 1 presents the
IR spectra of the alcohol and the ketone. The carbonyl absorption at 1700
em™! in 2-nitroacetophenone disappears completely, the new band at 3350
cm™!, attributed to the alcohol, appears after the reduction, and the nitro ab-
sorption at 1520, 1340, and 860 cm™ remains unaltered before and after the
reaction. This indicates that the materials are reduced with very high selec-
tivity in this system.

The synthesis of the monomers and subsequent polymerization are described
in Schemes 1 and 2. Figure 2 shows that NPEPA exhibits the IR band charac-
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teristic of carboxylic acid at 2500 and 1700 cm™, the ester linkage at 1720
cm™! as a shoulder, and the nitro group at 1520, 1340, and 860 cm™!. In
the IR spectrum of NPEPC, the 2500 cm™ acid absorption disappears, and a
carbonyl absorption at 1790 cm™, due to acid chloride, appears, while the
absorptions of the ester linkage and the nitro group remain unaltered. Acid
and acid chloride derivatives described in the preceding paper [2] had melt-
ing points of 186 and 168°C, respectively. The derivatives obtained in this
study have higher melting points, 212 and 189°C, respectively. The mono-
mers are mixtures of two isomers, as shown in Scheme 1, similar to those re-
ported in the preceding paper. They were used for further synthesis without
separation.

The polymerizations were carried out according to Scheme 2. Polymer
characteristics are summarized in Table 1. Polymers were recovered in good
yield. In Fig. 3, typical IR spectra of a thin film of Polymer H are shown and
compared with that of the polymer reported previously (Polymer B) [2]. The
characteristic absorptions for ester linkage at 1720 cm™, amide linkage at

} A N ) 1 1 1 1 1 1 fINOZI; i 1 1 1 (] i L 1
3000 2000 1500 1000 500
Wavenumber, crrt!

FIG. 3. IR spectra of Polymers B and H.
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1650 cm™, and nitro group at 1520, 1340, and 860 cm™! are present in
both spectra. It is also possible to prepare a polyimide precursor from
NPEPC.

Thermal Analysis

TGA was performed in a stream of nitrogen (50 mL/min) at a heating rate
of 10°C/min on the polymer powder (5 mg) (Fig. 4 and Table 1). All the
polymers exhibited a pronounced weight loss in two stages, similar to the
polymer reported previously. The first weight loss in Fig. 4 is due to the imid-
ization [2], and this value is in near agreement with the values calculated for
the elimination of alcohols (Polymer H 45.99%,146.67%, K 35.22%).

In the preceding paper [2] the initial decomposition temperature (IDT) of
Polymer B obtained from MCH was 168°C, and the endothermic peak tem-
perature (EPT) by DTA was 259°C, the temperatures at which the imidization
rate has its maximum value. Those of Polymer H, obtained in this study, are
higher, 190 and 274°C (Table 1). The same results are also obtained for poly-
mers prepared from aromatic diamines. This indicates that these temperatures

Weight
A
o
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~
3
®
I ]
,/
-/
/
/
/
/
Ve
//
%
/3

10 °C/min, in Ng —

1]

0] 200 400 600 800
Temperature (°C) -

FIG. 4. TGA curves for polyimide precursors.
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will rise with increasing molecular weight of the alcohols released by heating,
and this agrees with the experimental resuits already reported {6].

The second weight loss in Fig. 4 is attributed to the thermal degradation
of the polyimide main chain. Noticeable weight loss is observed in the range
450-500°C for Polymer H, 500-600°C for Polymer K, and 550-650°C for
Polymer 1. Polymers K and I are wholly aromatic polyimides and show a
high char yield. In addition, Polymer I shows better thermal stability because
it has a higher imide content in the repeating units than Polymer K, and is
free of the aryl sulfone linkage, which is less stable on heating than aryl
ether [7].

Photochemical Study

As described in the preceding paper [2], 2-nitrobenzyl ester groups intro-
duced in the side chain of the polyamic acid undergo scission of an ester link-
age based on intramolecular photorearrangement by UV irradiation. This re-
action was confirmed by evaluating the changes in the IR absorption spectra
of the polymer upon UV irradiation. In order to compare the photorearrange-
ment conversion of 2-nitrobenzyl ester having a methyl group at the a-posi-
tion to that of an unsubstituted ester, the changes in the IR nitro [8] and
ester absorbance upon UV irradiation were determined. The absorbance at
1530 cm™ (nitro group) and at 1730 cm™! (ester linkage) were used, and

~ these ratios were calculated with reference to the absorbance of the alicyclic

methylene group at 2830 cm™!, which remains unaltered on UV irradiation

(Fig. 5). There is a marked decrease in the intensity of the nitro group and
the ester linkage on UV irradiation. As shown in Fig. 5, the decrease of these
intensities for Polymer H (having a methy! group at the a-position) is greater
than that for Polymer B (having no substituted group). This means that the
characteristic rearrangement in the 2-nitrobenzyl ester occurs more readily in
Polymer H than in Polymer B. It is considered that the difference in the pro-
portion reacted will influence the sensitivity of these polymers.

In order to compare the sensitivity, the development characteristic curves
for Polymers B and H were measured. As is clear from Fig. 6, Polymer H is
able to be exposed and developed to a greater depth than Polymer B for the
same exposure time. The UV absorption spectra for the polymers are shown
in Fig. 7. The absorption peak due to the 2-nitrobenzyl group (a discernible
shoulder in the vicinity of 250-260 nm) is not shifted in Polymer H and has
about the same intensity. Therefore, the sensitivity in this system is affected
by the increase in the conversion caused by introducing the substituent groups
into the a-position of the 2-nitrobenzyl ester group.
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FIG. 7. The UV spectra of polyimide precursors. Film thickness: Poly-
mers Hand B, 0.12 um; I, 0.060 um; K. 0.062 um.

Lithographic Performance

The characteristic curves for the polymers obtained were determined in
order to evaluate the film thicknesses exposed and developed. Figure 8 shows
that the sensitivity of the polymer obtained from the aliphatic diamine was
slightly higher than that from the aromatic diamine, as described in the pre-
ceding study [2] (comparison between Polymers H and I). There was also a
marked difference in sensitivity between Polymers I and K, i.e., Polymer I is
exposed and developed more deeply than Polymer K when these polymers
are irradiated with the same dose. For these reasons it is considered that they
differ from one another in carboxylic acid concentration. Polymer K is syn-
thesized from a long-chain diamine and has longer segments in the repeating
unit than Polymer I. Although these polymers are irradiated with the same
dose to form the same number of moles of carboxylic acid, the carboxylic
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FIG. 8. Exposure characteristics of Polymers H, I, and K. Exposure with un-
filtered UV light from a 500-W high-pressure Hg-Xe lamp; development with 2%
aqueous KOH.

acid concentration for the molecular length differs in these polymers, and this
influences their solubilities in alkali solution. Thus, Polymer I has a high car-

boxylic acid concentration and better solubility, and hence, higher sensitivity
than Polymer K.

Figure 9 shows scanning electron micrographs of typical positive tone which
can be obtained using 2% aqueous KOH developer. Resolution is good, as shown
in photograph (A), of the pattern produced by using a photomask havein 1 um
lines (film thickness about 1 um). Further, it is possible to image high-aspect-
ratio geometries (Photograph B). High resolution is obtained in this system be-
cause there is no swelling during the developing process.

(opposite page)
FIG. 9. Scanning electron micrographs of typical positive tone. (A) 1 um
lines in 1 um layer thickness; (B) 2 um lines in 4 um thickness.
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