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ABSTRACT: A course of the vapor deposition polymerization between pyromellitic dianhydride (PMDA)
and bis(4-aminophenyl) ether (ODA) was determined. The surface of deposited film of two monomers was
rough due to the high crystallinity, whereas the film prepared by coevaporation of PMDA and ODA had a
smooth surface. A collision of the functions of an acid anhydride and an amine occurred by the migration
of the monomers and the oligomers on the substrate. The formation of a charge transfer (CT) complex was
newly observed in the first step of the polycondensation by using absorption spectra and ESR spectra. The
CT complex disappeared as the polymerization proceeded.

Introduction

Demands of polyimides especially in electronics have
been growing because of their excellent heat resistance,
chemical stability, and dielectric property. Preparation
of thin films by a wholly dry system is one of the most
important technologies in this field.

Iijima et al.!? and Salen et al.? independently reported
the new method for the preparation of polyimide films via
vapor deposition polymerization.!® In this method, a
stoichiometric amount of both monomers, a tetracarboxylic
dianhydride and a diamine, was evaporated simultaneously
to form a poly(amic acid) thin film, and subsequent heating
of the film afforded a polyimide thin film. Thus, this
technology readily offers polyimide thin films 0.1-10 ym
thick.

Since the polycondensation, in the solution polymeri-
zation, always proceeds via a collision of functional groups,
a carboxylic anhydride and an amine, we generally choose
a solution medium to accelerate the efficient collision of
these groups. In the vapor deposition polymerization,
although the collision should be limited, because of the
restriction of a free movement of the functional groups,
we actually observed the fairly fast polycondensation in
this method. In this paper, we describe our observations
of the course of polycondensation between pyromellitic
dianhydride and bis(4-aminophenyl) ether to clarify the
nature of this new class of polymerization.

Experimental Section

Deposition of Pyromellitic Dianhydride and Bis(4-
aminophenyl) Ether. Both pyromellitic dianhydride (PMDA)
and bis(4-aminophenyl) ether (ODA) were purified by sublimation
under reduced pressure before use. These monomers were de-
posited on a substrate by heating at 180 % 2.5 and 160 + 2.5 °C,
respectively, under a pressure of 2 X 107 Torr. Since the de-
position rate of each monomer under these conditions was 5 A/s,
the rate of coevaporation of these two monomers to prepare the
polymeric film was 10 A/s.

The migration behavior of the monomers on a substrate was
observed by scanning electron microscopy (SEM) reported by
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Takagi et al.* A silicon wafer and a glass plate were used as a
substrate and a mask, respectively, and placed as illustrated in
Figure 1, where the vapor of the monomers comes from the normal
direction of the substrate.

Measurement. Infrared (IR) spectra were measured on a
Nicolet FT-IR 5DXB spectrometer by the ATR method, where
the sample films were deposited on an aluminum foil. Ultravi-
olet-visible (UV-vis) spectra were recorded on a Hitachi UV-VIS
323 spectrometer. SEM photographs were taken on an Akashi
DS-130C. Electron spin resonance (ESR) spectra were measured
by JES-ME3X. The sample films were deposited on a poly-
(ethylene terephthalate) (PET) film, and they were packed with
rolling in a glass tube to measure ESR spectra. The g value was
calibrated by using 2,2-diphenyl-1-picrylhydrazyl as the standard
(g = 2.0036).

Results and Discussions

Poly(amic acid) is produced by the vapor deposition
polymerization of PMDA and ODA as shown in eq 1.

O

fl

c C‘
S TOL s+ 0D —

o C

I ]

O @]

We have tried to determine the migration of each mo-
nomer, PMDA and ODA, using the partially masked
substrate as shown in Figure 1. Rough surfaces with tiny
islands, probably indicating their high crystallinity, were
observed in the uncovered area of the film. The growing
patterns of the island were also observed for the range of
a few micrometers from the edge in the masked area in
both cases. These facts indicate that a fair amount of
monomer molecules apparently migrated from the un-
covered area to the masked area. When PMDA and ODA
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Figure 1. Apparatus for observation of the migration of evap-
orated substances.
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Figure 2. IR spectra of PMDA, ODA, and coevaporated film as
deposited.
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Figure 3. Change of IR spectra of coevaporated film with time
measured in air at 25 °C.

were coevaporated with the same deposition rate, the
surface of the film of resulted copolymer was smooth in
contrast to the case of monomers, and the film grew in
masked area similar to the case of monomers.

Figure 2 shows the IR spectra of the deposited films of
PMDA and ODA themselves and the coevaporated film.
In the spectrum of the coevaporated film, the absorption
around 3300-3500 cm™! caused by an N-H stretching vi-
bration was hardly seen compared with the case of ODA,
and the absorption of the amide carbonyl bond of the
poly(amic acid) structure newly appeared at 1650 cm™. On
the other hand, the absorption of acid anhydride caused
by PMDA was also observed. These facts indicated that
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Figure 4. Relationship between time and relative absorbance
in the IR spectra of coevaporated film.
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Figure 5. Absorption spectra of coevaporated film measured with
an elapse of time.
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Figure 6. Relationship between time and relative absorbance
at 480 nm of coevaporated film.

a poly(amic acid) structure was partly formed by the re-
action of PMDA and ODA, but the film still contained the
unreacted monomers. Change of IR spectra of the coe-
vaporated film at a certain lapse time at 25 °C is shown
in Figure 3. The carbonyl absorptions of the acid anhy-
dride at 1780 and 1850 cm™ decreased, and the absorption
of the amide bonding at 1650 ¢cm™ increased with time.
The relationship of the absorbance with time is plotted
in Figure 4. The half-life time (¢r,/2) estimated from this
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Figure 7. ESR spectra of (A) PET film and (B) coevaporated
film on PET film.
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Figure 8. Magnified ESR spectra of coevaporated film measured
with an elapse of time.

curve is approximately 210-230 min.

The absorption spectrum of the coevaporated film as
deposite showed a absorption in the range 340-560 nm
(Figure 5), which was characterized as the formation of a
charge transfer (CT) complex.*® The relationship between
the time elapsed and absorbance at 480 nm shown Figure
6 was similar to the same relationship in the IR spectra
(tyis1j2 = 210 min). This may suggest that the complex
disappears gradually due to polycondensation. This, so
far as the present authors know, is the first example of the
CT complex of these monomers, although PMDA and
ODA have been known as electron acceptor and donor,
respectively.

The mechanism of polycondensation, mentioned above,
has also been supported by the ESR spectra of the coe-
vaporated film deposited on PET film. Figure 7 shows the
ESR spectra of the undeposited PET film used as a sub-
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Figure 9. Decay of the hyperfine component in the ESR of
codeposited film.

strate and the coevaporated film on the PET film. The
peaks observed in the wide range, 2600-4200 G, of the
dotted spectra may be caused by impurities contained in
the PET film. In the spectra of the coevaporated film, the
organic radicals at 3370 G were ascertained by comparison
with the spectra of the PET film. The magnified spectra
around 3370 G changing with time are shown in Figure 8.
The decrease of the minute structures with time coincided
well with the changes in IR spectra and the CT band of
absorption spectra. The half-life (¢tgsp; /o) estimated from
Figure 9 is approximately 220 min.

As described above the polycondensation reaction be-
tween PMDA and ODA proceeded on the surface of the
substrate even at 25 °C. This fact should be explained by
the migration of these monomers on the surface, and the
formation of the CT complex at the first stage of the po-
lymerization. Thus, it was concluded that the functional
groups of the monomers had a fairly high frequency of
collision in vapor deposition polymerization.
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