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Impact of nano-sized ceria particles upon the cyclization kinetics of poly(amic acid) films
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The experimental study was conducted of the impact of ceria nanoparticles introduced into poly(amic acid), the prepolymer of thermally stable aro-
matic polyimide, upon the kinetics of the thermal cyclization of the film of this prepolymer, the reaction of its transformation to the final polyimide
film in the course of its thermal treatment. The nano-filler was shown to accelerate the initial stage of cyclization, occurring at temperatures ranging
up to 100-120 °C. A possible way of practical application of this effect was discussed.
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1. Introduction

Among different groups of polymer-inorganic nanocomposite materials that are the subject of extensive studies in
last decades, some interesting properties are inherent to the composites obtained by introduction of nano-sized particles
of ceria [1,2] in matrices of thermally stable aromatic polyimides (PIs). It was shown in the previous investigations of
these materials that the ceria nanoparticles of quasi-spherical shape do not produce any substantial positive impact on
both their mechanical properties and glass transition temperature, but they provoke a sizable variation of the thermal
stability of matrix PI [3].

In the communication presented, the results of the following stage of the investigations of PI-ceria nanocompos-
ites are presented, namely the impact of this nano-filler upon the kinetics of synthesis of PI-based film materials is
analyzed. The results are examined from a comparative study of the kinetics of the final stage of PI synthesis, the
cyclization of prepolymer, a poly(amic acid) (PAA) [4] on one hand, and of the nanocomposite based on this PAA, in
which ceria nanoparticles were introduced as an active nano-sized filler, on the other.

2. Materials and methods

A prepolymer used in our work was the PAA of the following structure:
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The PAA solution in N-methylpyrrolidone was synthesized in Institute of Macromolecular Compounds, Russian
Academy of Sciences. The synthetic protocol was described previously [4].

The thermal treatment of the films of this PAA up to 250-300 °C results in the curing (cyclization) reaction in
which the thermally stable aromatic polyimide R-BAPS is formed:
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Quasi-spherical ceria nanoparticles with a diameter of ~3—4 nm, which were used to prepare the nanocomposite,
were synthesised at the Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences. The
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protocol for their synthesis is described elsewhere [5]. Briefly, cerium(III) nitrate (0.08 mol/L) in a water/isopropanol
(1:1) mixture (180 mL) was added to aqueous ammonia (3 mol/L, 900 mL). The mixture was vigorously stirred for 3
h. Yellow precipitate was washed with distilled water and dried overnight at 60 °C.

To form the nanocomposite film samples, a pre-calculated amount of ceria nanoparticles was sonicated in N-
methylpyrrolidone, and then a pre-calculated amount of PAA solution was introduced to the obtained nanoparticle
dispersion. The mixture was then subjected to a long-term (24 h) homogenization by a mechanical stirrer (1000 rpm).
The layers of homogenized PAA-based nanocomposite solution or of control unfilled PAA solution were cast onto
glass plates with the subsequent drying at 80 °C for 24 h in a vacuum to completely remove the solvent. The ceria
concentration in PAA-ceria nanocomposite as high as 3 wt.% was chosen for this investigation.

The PAA or PAA-CeO; nanocomposite films obtained by this way were subjected to a stepwise thermal treatment
at the temperatures of 80, 90, 100, 120, 140, 160, 200 and 250 °C. Each step lasted 30 min. After each step of treatment
the IR spectra of films were recorded and the mechanical tests were carried out.

Fourier-transform IR spectra of the films were recorded by using the “Vertex70” spectrometer (Bruker) equipped
by a “Pike” micro-unit of singly disturbed total internal reflection with the ZnSe working element. Frequency reso-
lution in these tests was of 4 cm™!, scans number — 30. While registering the spectra, the correction possibility was
envisaged to take into account the penetration depth dependence upon the wavelength, but in our experiments the
“Pike” micro-fixture used insures the constant sample’s pressing value and, hence, the constant penetration depth of
IR irradiation into the sample. This makes it possible to carry out direct comparison of the obtained spectra.

The variation of the degree of cyclization of both PAA and PAA—-CeO; composite films during their heating with
the increase of temperature was quantitatively estimated by the increase in the concentration of imide cycles (the rise
of the intensity of spectral band at 1778 cm ™!, which corresponds to the symmetric valent vibrations of C=0 bond)
and by the decrease of the concentration of amic acid groups (the fall of the intensity of spectral band 1540 cm ™!
corresponding to CNH vibrations). Optical density values for the above spectral bands were then normalized to that of
the intrinsic standard: the 1015 cm™! band (the vibrations of aromatic ring) that does not vary during the cyclization
process [4].

Thermogravimetric tests of the materials to control the residual amount of the solvent in dried films were con-
ducted by a DTG-60 setup (Shimadzu, Japan). Film samples (approximately 5 mg) were heated to 350 °C at a rate of
5 °C/min. The experiments were carried out in an air atmosphere.

The mechanical tests of the films under investigation were carried out in the uniaxial extension mode, at room
temperature, using an AG-100kNX Plus universal mechanical test system (Shimadzu, Japan). Strip-like samples with
the dimensions 2 x30 mm were stretched at a rate of 5 mm/min, according to ASTM D638 requirements. The Young’s
modulus values E/ were determined in these tests.

3. Results

IR spectra of PAA film and PAA-ceria nanocomposite one at the early stage of cyclization: after the thermal
treatment at 90 °C, are presented in Fig. 1 (Fig. 1a). In the same figure (Fig. 1b), the spectra are presented for the
completely cured films — after treatment at 250 °C.

The spectra obtained testify to the acceleration of cyclization process in the PAA film filled with ceria, as compared
to that in unfilled PAA film: the concentration of imide rings in the former increases substantially faster along with
the increase in temperature than that in the unfilled PAA film. For example, after the thermal treatment of PAA-ceria
nanocomposite film at 90 °C the degree of cyclization of PAA-ceria nanocomposite film is three times more than that
of the PAA film. The same conclusion was drawn by comparing the speeds of the decrease of the concentrations of
amic acid units in the samples studied (Fig. 1a).

But the increased intensity of the process is inherent to the nanocomposite film only at the initial stage of the PAA
thermal curing process, namely at temperatures up to 100—120 °C. During the further heating of films of two types,
the degrees of cyclization became similar, and up to 250 °C, the PAA conversion to PI completely finishes in both
materials (within the accuracy of the conversion degree determination by spectral method).

To confirm the results of IR tests by some other independent method, both the PAA films and PAA-based
nanocomposite ones were subjected to the mechanical test after thermal treatment at different temperatures. The
value of interest in these tests was the Young’s modulus of the film materials. It is known that a system of H-bonds
involving the CONH and COOH groups of the amic acid units is formed in the uncured PAA films [4]. But during the
cyclization process, these bonds are broken. As a result, there are no H-bonds in the products of cyclization process,
the PI films [4]. Under this reason, the cyclization process in PAA is accompanied by some modest decrease of the
Young’s modulus of the film. This decrease can hardly be fixed as usual at the expense of the incomplete removal of
the solvent from the starting polymer volume during the PAA film drying process under standard conditions. This sol-
vent (as a rule it is N,N- dimethylformamide, N,N- dimethylacetamide, or N-methylpyrrolidone) acts as a plasticizer
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F1G. 1. IR spectra of (a) PAA and PAA-CeO- films after heat treatment at 90 °C; (b) PI and PI-
CeOs films after thermal treatment at 250 °C. (1) — PAA-CeO2 or PI-CeO» nanocomposite films,
(2) — PAA or PI films
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in the film, which causes a decrease in the initial value of Young’s modulus. During the subsequent thermally stim-
ulated PAA cyclization process, the vaporization of this residual solvent occurs causing an increase in the modulus.
As a result of the interplay of two processes above — the solvent removal and the destruction of H-bonds during heat
treatment of the film — the resulting Young’s modulus value of cured film does not decrease and moreover, can slightly
increase as compared to that of the PAA film.

To exclude the impact of the deplastification process upon the variation of the Young’s modulus during the thermal
cyclization, a special pretreatment of both PAA and PAA-based nanocomposite films was carried out; they were
subjected to prolonged drying under vacuum (the drying protocol is described above). The completion of the drying
process was controlled by TGA tests. The weight losses registered by this method during the heating of pretreated
films in the temperature range 80—300 °C were found to be similar to the calculated amount of water, the side product
of PAA cyclization reaction. Hence, pretreatment insures the efficient solvent removal from the films and eliminates
the impact of deplastification effects upon the results of our tests.

The curves of Young’s modulus values of PAA and PAA-ceria nanocomposite films vs. the temperature in the
course of the stepwise thermal treatment of the films are presented in Fig. 2.
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FIG. 2. Young’s modulus values of PAA-based composite and PAA films vs. temperature of thermal
treatment during the conversion of prepolymer to R-BAPB-based nanocomposite containing 3 wt.%
of CeOy (1) or to PI R-BAPB (2); E( denotes the initial E value of the prepolymer (PAA or PAA-
ceria) film pretreated at 80 °C

The results obtained clearly demonstrate the decrease in the Young’s modulus values of both PAA and PAA-based
nanocomposite films during thermal conversion to PI and PI-based composite ones. At the same time curves in Fig. 2
testify the increased speed of the E depression of nanocomposite film in the initial stage of the process as compared to
that of PAA film.

In this way, the data presented evidence the catalytic action of ceria nanoparticles exfoliated in PAA volume on
the process of thermally stimulated cyclization of film of this PAA. Indeed, this catalytic impact was registered only
at the initial stage of the conversion process: at temperatures ranging up to 100—120 °C. During the further heating of
both films the equal degrees of conversion were registered in both films.

At first glance, the effect above is of no practical interest, because it is realized only at the first, initial stage of
conversion of PAA to PI. But as a matter of fact, this phenomenon lets us to decrease the severity of the requirements
for the initial molecular mass of PAA, which insures the successful fabrication of PI films. Indeed, during the thermal
treatment of PAA films, some side reaction takes place along with the cyclization. This is a reaction of thermally
stimulated destruction, cleavage of PAA macrochains [4], i.e., the successive decrease of PAA molecular mass. This
is a reversible process that occurs at temperatures of 100—150 °C. During the further heating of film, the destruction
process gives way to the opposite one, the re-synthesis with the successive increase in the molecular mass of the
polymer. Under the optimal conditions of the cyclization process, the full re-synthesis takes place in the temperature
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range up to 180-200 °C, resulting in the full restoration of molecular mass up to its initial value [4]. But in the
temperature interval 100-150 °C the several fold (up to one order) decrease of molecular mass as compared to its
initial value takes place. If this initial value is not very high, the destruction process can provoke the damage of the
film in the aforementioned range of temperature at the expense of the local stresses caused by the removal of the
solvent.

But if some amount of cured units, of imide rings will be formed in the film up to the development of the
destruction process, as in the PAA-ceria nanocomposite film, this can insure the depression of the destruction intensity
and hence the possibility increases for successful completion of thermally stimulated cyclization and re-synthesis
without the film’s damage at the intermediate stages of curing process.
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