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ABSTRACT: To develop a microscale processing technique for aromatic polyimides (APIs) in supercritical carbon dioxide (scCO2), the

relationships between the polymerization condition, the phase behavior during polymerization and the molecular weight of polyamic

acid (PAA)—an intermediate in the production of polyimides—were investigated in scCO2 at 50�C. 4,40-Diaminodiphenyl ether

(ODA) and pyromellitic dianhydride (PMDA) were used as monomers of aromatic diamine and tetracarboxylic dianhydride, respec-

tively, and 19 mol % of N,N-Dimethylformamide (DMF) was added to scCO2 as a cosolvent. The cloudy phase appeared immediately

when ODA and PMDA were mixed under any experimental conditions. However, the appearances of the phase behaviors during poly-

merization differed depending on the polymerization pressure and the initial monomer concentration. The number average molecular

weight of PAA increased as the monomer concentration was increased in scCO2, as was the case with polymerization in pure DMF at

atmospheric pressure, despite differences in the phase behavior. On the other hand, the weight average molecular weight of PAA

depended on the phase behaviors during polymerization along with the monomer concentration. Moreover, API obtained from the

PAA synthesized in scCO2 was analyzed using a Fourier transform infrared spectrophotometer and thermogravimetric analyzer, and

the results were compared with those of APIs obtained by the solution polymerization. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2014, 131, 39878.
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INTRODUCTION

Aromatic polyimide (API) is one of the most representative of

engineering plastics, and is distinguished by its mechanical

strength and heat resistance. Moreover, API is also known as an

excellent electrical insulation material because of its quite low

dielectric constant. Therefore, API has been used in a variety of

industrial fields, from electronics to aerospace.1–6 There are

mainly two ways to produce API industrially: solution polymer-

ization and vapor deposition polymerization (VDP). In solution

polymerization, API is produced via a two-step method using a

liquid solvent, as shown in Figure 1. In the first step, polyamic

acid (PAA) is synthesized from equivalent molars of aromatic

diamine and tetracarboxylic dianhydride in an aprotic polar sol-

vent at a relatively low temperature. Then, API is produced by

the dehydration reaction of PAA using thermal action or a

dehydration agent in the second step. To obtain the desired

shapes of molding products, a PAA solution is formed into

desired shapes before imidization because the high mechanical

strength and high thermal stability of API make it quite difficult

to be shaped into an objective form. For example, API thin film

is formed on a wafer by coating with a PAA solution, followed

by baking to obtain API. Moreover, microparticles of API have

been recently produced using precipitation polymerization to

obtain engineering plastic microparticles. Asao et al.7 investi-

gated the relationships between reaction solvent species and the

particle size of PAA to obtain functional API particles. However,

the PAA solution has high viscosity, and it is difficult to pene-

trate the insides of the microscopic spaces. Therefore, this tech-

nique seems to be inadequate for processing inside the

microscopic spaces.

As for the VDP process, both monomers are vaporized in each

reservoir at high temperature, and then they are supplied on

the surface of the materials, which are highly heated to produce

API films or layers. The VDP has many advantages: non-solvent

residue within the film, a reduction in environmental health

problems, and the ability to supply the monomers into deep

portions of a microscopic space compared with the solution

polymerization. The VDP was first reported by Iijima et al.8,9

and Salem et al.10 in the 1980s. Recently, the VDP was also

used to heal flaws on the surface of carbon fiber with API by
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Naganuma et al.,5 and the filament tensile properties of API

coating have been improved significantly. However, the produc-

tion rate of APIs via VDP often depends on the vapor or subli-

mation pressures of the monomers, although most API

monomers show quite low values. Therefore, the producible

thickness of the film and the fillable volume of the space are

limited.

Recently, electronic instruments including semiconductor devi-

ces have become smaller and more complicated in shape, and

the techniques of API microfabrication are now required, such

as filling API into a microscopic space. For example, the

method integrating many substrates has received much atten-

tion to satisfy the demands from the viewpoints of both func-

tional advancement and downsizing of the electric

instruments.11–13 To stack substrates, the clearances between the

layers of the substrates must be narrowed and each substrate

must connect using many bump electrodes. Therefore, the clear-

ances become quite complicated microscopic spaces where API

should be filled as an insulator and a reinforcement material. In

this situation, supercritical carbon dioxide (scCO2) has the

potential to be a promising solvent because transport physical

properties of scCO2 such as diffusivity and viscosity are favor-

able to penetrate into microscopic space, and the amount of the

organic substance in scCO2 can be much higher than that

obtained by vaporization of the substance. Namely, scCO2 can

deliver a great amount of API monomers and PAA into the

deep portions of a microscopic space where reactions to API

occur. With respect to the processing of metal complexes to fill

metal compounds into microscopic spaces, many advantages of

the microfabrication technique using scCO2 have been

reported.14–16 On the other hand, polymers with a high molecu-

lar weight could not dissolve in scCO2 except for a few kinds of

polymers such as fluorinated polymers and siloxane polymers,17

therefore, only low molecular weight PAA dissolved in scCO2

and small PAA precipitates that disperse well in scCO2 can be

delivered in microscopic space as well as the monomers. Thus,

a fundamental knowledge of the polymerization of API mono-

mers, such as phase behavior during polymerization, is neces-

sary to effectively deliver PAA and monomers into microscopic

spaces and to design the entire process because the physical

properties of scCO2 are dramatically changed by temperature

and pressure.

As for the polymerization in scCO2, radical polymerization

using vinyl monomers have been well studied in order to pro-

duce polymer particles by dispersion polymerization, which

includes controlled/living radical polymerization.18–20 On the

other hand, the number of studies that have focused on step-

growth polymerizations in scCO2 is quite small compared with

the focus on radical polymerization.18,21 As for polyimides,

Said-Galiyev et al.22 succeeded in first producing API with fluo-

rinated functional groups in scCO2 in 2003, however, there have

been no further reports since the first study. Therefore, a suffi-

cient amount of experimental data and knowledge have yet to

be accumulated for the development of new methods of proc-

essing for the microfabrication of API using scCO2.

In our previous study,23,24 first the solubilities of 4,40-diamino-

diphenyl ether (ODA) and pyromellitic dianhydride (PMDA),

which are representative monomers of aromatic diamine and

tetracarboxylic dianhydride, respectively, in scCO2 were meas-

ured. Moreover, the cosolvent effect of N,N-dimethylformamide

(DMF) and acetone on the solubilities of both monomers were

investigated at the range of the cosolvent concentration up to

approximately 20 mol %. As a result, DMF showed a higher

cosolvent effect compared with acetone, and the addition of

even 10 mol % of DMF into scCO2 raised the solubility of

ODA and PMDA by about 50 and 100%, respectively, at 50�C
and 20 MPa. In this study, the relationships between the poly-

merization condition, the phase behavior during polymerization

reaction and the molecular weight of PAA were investigated to

obtain fundamental knowledge of API production in scCO2.

Moreover, API obtained from the PAA synthesized in scCO2

was analyzed using a Fourier transform infrared (FT-IR) spec-

trophotometer and thermogravimetric analyzer (TGA) in order

to investigate the chemical structure and thermal stability of

API obtained by the processing in scCO2. ODA and PMDA

were also used as monomers, and DMF was added to scCO2 as

a cosolvent as well as in the previous work.

EXPERIMENTAL

Materials

ODA with purity >99 wt % was purchased from Wako Pure

Chemical Industries Co., and PMDA with a purity >97 mol %

was purchased from Sigma-Aldrich Co. The chemical structures

of both monomers are described in the reaction formula of

Figure 1. Scheme for the synthesis of API (2-step method). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.3987839878 (2 of 8)

wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Figure 1, and they were solid materials at room temperature.

CO2 with a purity >99.5 vol % was purchased from Chugoku

Sanso Co. Potassium bromide (KBr) with a purity >99.0 wt %

was used for the FT-IR spectrophotometry and also was pur-

chased from Wako Pure Chemical Industries Co. These chemi-

cals were used without further purification. Moreover, DMF

with a purity >99.7 vol %, which was used as a cosolvent added

to scCO2 and a moving bed for gel permeation chromatography

(GPC), was purchased from Nacalai Tesque Co. DMF was dehy-

drated by molecular sieves before use.

Apparatus and Procedure for Polymerization in scCO2

A batch-type apparatus equipped with CO2 and monomer

introduction portions was developed in this study to carry out

the polymerization of ODA and PMDA in scCO2. The sche-

matic diagram of the apparatus is illustrated in Figure 2. During

polymerization, a high-pressure cell (Toyokoatsu Co., 10 mm in

internal diameter) with Pyrex windows at both ends was heated

to the experimental temperature using four cartridge heaters.

The temperature in the cell was measured by a thermocouple

(Just Co., TSK type thermometer) connected with an indicator

(Shimaden Co., SR94), and the uncertainty of the temperature

measurement was estimated to within 61�C. The precise inter-

nal volume of the cell (16.4 cm3, subtracting the volume of a

stirring bar) was determined using the pressure–volume–tem-

perature relationship of nitrogen gas. Then a certain amount of

the DMF 1 ODA solution, in which the concentration of ODA

was previously determined, was introduced into the cell, and

the amount of the solution introduced was measured using an

electric balance (Mettler Toledo Co., AG204, uncertainty of

60.1 mg). The solution was well agitated by a Teflon-coated

stirring bar with a ceramic hot stirrer (As one Co., CHPS-

250DN). Pure CO2 was introduced using an HPLC pump (Jasco

Co., PU-2080-CO2 Plus), and the amount of CO2 in the cell

was estimated by the volume of mixing data for the CO2 1

DMF system25. Namely, the amount of CO2 was determined by

the amount of DMF in the cell and pressure after CO2 intro-

duction. The pressure of the system was measured using a pres-

sure transmitter (Huba Control Co., Type-680, uncertainty of

60.005 MPa) connected to a digital indicator (Axis Co.,

GR3666). In this stage, a homogeneous phase was obtained for

the CO2 1 DMF 1 ODA mixture, although the pressure in the

cell did not reach the experimental level. Finally, PMDA dis-

solved in DMF was added to the cell via another HPLC pump

(Jasco Co., PU-2080 Plus), and polymerization was initiated.

The amount of the PMDA 1 DMF solution added was deter-

mined by another electric balance (As one Co., ASP602F, uncer-

tainty of 610 mg). From the reaction formula shown in Figure

1 and in the literature,26 the molar numbers of ODA and

PMDA used for polymerization should be the same in order to

obtain PAA with high molecular weight. However, our prelimi-

nary investigation of the polymerization in pure DMF indicated

that adding slightly more of molar number of PMDA than that

of ODA was better. This might be caused by the deactivation of

a little of PMDA during preparation of the polymerization reac-

tion. Therefore, about 1.1–1.2 of the molar ratio of PMDA to

ODA was adopted throughout this study. The phase behavior

inside the cell was observed using a borescope (Olympus Co.,

R100 series) with a CCD camera (Sanyo Co., VCC D473) sys-

tem. After the polymerization was finished, CO2 was discharged

and the PAA that had dissolved in DMF of a cosolvent was col-

lected. The polymerizations for each condition were carried out

at least twice.

Condition of the GPC for Molecular Weight Analysis

The average molecular weight and molecular weight distribution

(MWD) were determined by the GPC system with a differential

refractive index detector (Shimadzu Co., RID-10A). Serially

concatenated columns, Shodex KD-803 (Showa Denko K. K.,

exclusion limit of 7 3 104 g mol21) and Shodex KD-805

Figure 2. Schematic diagram of the experimental apparatus for polymerization in scCO2. 1: high-pressure cell; 2: cartridge heaters; 3: ceramic hot stirrer;

4: Teflon-coated stirring bar; 5: Pyrex windows; 6: borescope with CCD camera; 7: personal computer; 8: thermocouple and temperature indicator; 9:

pressure gauge and indicator; 10: HPLC pump for CO2; 11: CO2 cylinder; 12: line heater; 13: HPLC pump for DMF 1 PMDA solution; 14: DMF 1

PMDA solution in a glass flask; 15: electric balance; S1–S3: stop valves. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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(Showa Denko K. K., exclusion limit of 4 3 106 g mol21), were

used for the GPC analysis, and the temperature of the column

oven was set to 40�C. To use GPC analysis for PAA, the intramo-

lecular interaction force caused by the carboxylic acid functional

groups of PAA should be prevented.27 Therefore, 15 mmol L21 of

lithium bromide and phosphoric acid were added to DMF of the

moving bed. The flow rate of the eluent was set to 1.0 mL min21.

Several molecular weights of standard polyethylene glycols (Agi-

lent technologies Co.) and polyethylene oxides (Tosoh Co.) were

used for preparation of the calibration curve. Thus, the molecular

weights of PAA described in following sections are based on poly-

ethylene glycol and polyethylene oxide.

Preparation of API for the FT-IR Spectrophotometry and TG

Analysis

PAAs synthesized in scCO2 with DMF, and in pure DMF, were

imidized before the FT-IR spectrophotometry and TG analyses

to avoid imidization during the analysis. In the imidization pro-

cess, at first, the PAA solutions (PAA dissolved in DMF) were

put on the silicon wafer which was heated up to 200�C by a hot

plate to evaporate DMF. Then the residues on the wafer were

cured at 250�C in air atmosphere for 24 or 48 h to obtain APIs

by the thermostatic air bath. The APIs were analyzed using a

FT-IR spectrophotometer (Shimadzu Co., IRPrestige-21) with

the KBr pellet method, and by a thermogravimetric analyzer

(Shimadzu Co., TGA 50) in air atmosphere.

RESULTS AND DISCUSSION

All polymerizations of ODA and PMDA were carried out in

scCO2 with DMF at 50�C because PAA should be prevented from

changing into API during polymerization, and the solubilities of

ODA and PMDA in scCO2 with DMF were well clarified at 50�C
in our previous work.23 As for the concentration of DMF in

scCO2, 19 mol % was used for all polymerization, because accord-

ing to the literature,28 the scCO2 1 DMF mixture shows the

homogeneous phase at any composition of DMF at more than

about 10 MPa at 50�C, and approximately 20 mol % was consid-

ered to be an appropriate DMF concentration based on the results

of the previous work. Namely, those values can produce a homo-

geneous phase of the CO2 1 DMF mixture with sufficient solubil-

ities for both monomers. Moreover, it was also considered that

the advantages of scCO2 processing should be maintained—high

diffusivity and low surface tension. In the polymerization, the

concentrations of the monomers were prepared sufficiently lower

than their saturated solubilities in the scCO2 1 DMF mixture

under the same conditions in order to ensure the rapid dissolu-

tion of the monomers in scCO2 and to avoid precipitation of the

monomers during polymerization. The reaction time was set to

60 min based on the results of our preliminary experiments of

polymerization in pure DMF. The chronological changes of phase

behaviors during polymerization for the conditions of ODA con-

centration of 1.74 3 1023 mol dm23 at 22 MPa and 1.21 3 1022

mol dm23 at 29 MPa, which were the lowest and highest ODA

concentrations in the present study, respectively, are shown in Fig-

ure 3. The transparent phases changed to cloudy phases immedi-

ately after PMDA was introduced into the cell regardless of the

monomer concentration, as shown in the images, because scCO2

is a relatively poor solvent for PAA obtained from ODA and

PMDA under these conditions unlike such as fluorinated poly-

mers, as described above. As the reaction progressed, PAA aggre-

gates were precipitated at the bottom of the cell or onto the

surface of the Pyrex windows, although the size of the aggregates

seemed to depend on the monomer concentration. Finally, the

cloudy phases of both ODA concentrations were returned to

approximately the transparent phases because most of the PAA

aggregates had precipitated, which was confirmed by the re-

appearance of the stirring bar inside the cell.

The MWDs of PAA obtained by the GPC analyses are described

in Figure 4, and the relationships between the polymerization

conditions and the number average molecular weight (M n) and

Figure 3. Images of the chronological changes in phase behaviors during polymerization for ODA concentrations of 1.74 3 1023 mol dm23 at 22 MPa

and 1.21 3 1022 mol dm23 at 29 MPa. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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weight average molecular weight (M w) of PAA are listed in

Table I and in Figures 5 and 6, respectively. The results of the

polymerizations of ODA and PMDA in pure DMF at 20�C are

also shown in Figures 5 and 6 as the reference data because

solution polymerization is the most conventional method. The

homogeneous phases were kept during polymerization in pure

DMF unlike in scCO2. As shown in Figure 5, the M n of PAA

polymerized in scCO2 with 19 mol % DMF increased in an

approximate linear fashion as the ODA concentration increased

regardless of the differences in pressure. The M n of PAAs

obtained in scCO2 with DMF were approximately half com-

pared with those obtained in pure DMF at the same ODA con-

centration, and the degrees of polymerization estimated based

on M n also listed in Table I were not so high even at the high-

est monomer concentration of the present work. On the other

hand, the M w of PAAs obtained in scCO2 with DMF reached a

ceiling at about 104 g mol21 as described in Table I and

Figure 6. These results seemed to have been caused when PAA

aggregates were precipitated during polymerization in scCO2, as

shown in Figure 3. Therefore, as is the case with the VDP

method, the polymerization degree of PAA produced in scCO2

was lower than that produced by the solution polymerization.29

The MWD of PAA obtained at an ODA concentration of

5.98 3 1023 mol dm23 and 30 MPa had an obvious secondary

peak in the high molecular weight region as shown in Figure 4,

which was the cause of the high polydispersity index for that

polymerization condition as listed in Table I. To clarify the dif-

ference in the phase behavior based on the difference in pres-

sure, the images of the phase behaviors during polymerization

at ODA concentration, about 6.0 3 1023 mol dm23 and both

22 and 30 MPa, are shown in Figure 7. Most of the PAA aggre-

gates were already precipitated at the bottom of the cell and

Table I. Experimental Results of the Polymerization of API Monomers in scCO2 at 50�C for 60 min

mODA
a Pc Mn Mw

[1023 mol dm23] mPMDA
b/mODA [MPa] [103 g mol21] [103 g mol21] Mw=Mn pn

d

1.74 6 0.07 1.11 6 0.02 22 6 1 1.9 6 0.3 6.0 6 1.1 3.2 6 0.1 4.5 6 0.9

6.01 6 0.01 1.10 6 0.01 22 6 1 3.7 6 0.3 8.5 6 0.3 2.3 6 0.1 8.8 6 0.9

5.98 6 0.15 1.21 6 0.08 30 6 1 3.1 6 0.2 10.8 6 0.3 3.5 6 0.2 7.3 6 0.7

12.1 6 0.1 1.19 6 0.01 29 6 1 4.8 6 0.3 9.5 6 0.6 2.0 6 0.1 11.4 6 1.2

a ODA concentration.
b PMDA concentration.
c Pressure.
d Degree of polymerization.

Figure 4. Molecular weight distributions of PAA polymerized in scCO2

with 19 mol % DMF at 50�C and 60 min. ODA concentration and pres-

sure for numbers of (1)–(4) are as follows: (1) 1.74 3 1023mol dm23and

22 MPa; (2) 6.01 3 1023 mol dm23 and 22 MPa; (3) 5.98 3 1023 mol

dm23 and 30 MPa; (4) 1.21 3 1022 mol dm23 and 29 MPa. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5. Relationships between ODA concentration and M n of PAA poly-

merized for 60 min in scCO2 with DMF of 19 mol % at 50�C and in

pure DMF at 20�C. Symbols, •, ~, �, �: in scCO2 with DMF at 22, 22,

30, and 29 MPa, respectively; � in pure DMF at atmospheric pressure.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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onto the surface of the windows for 30 min at 22 MPa as

shown in the figure. On the other hand, the phase behavior

inside the cell was cloudy for 60 min at 30 MPa, and the

amount of the PAA aggregates completely precipitated at 30

MPa was smaller than that at 22 MPa despite the same mono-

mer concentration. Therefore, the PAA aggregates were dis-

persed much better at 30 MPa than at 22 MPa, which is

considered to have been because of the increasing solvency

power of scCO2 associated with an increase in the density.

Moreover, the phase behavior at an ODA concentration of

5.98 3 1023 mol dm23 and 30 MPa showed that the precipi-

tated PAA aggregates were much smaller than those obtained at

ODA of 6.01 3 1023 mol dm23 and 22 MPa, and 1.21 3 1022

mol dm23 and 29 MPa, as shown in Figure 3. Therefore, the

portion of PAA that was well dispersed was considered to react

better than PAA that was completely precipitated. The results of

this study indicated that both the concentration of the mono-

mers and the phase behavior are important factors in the deter-

mination of the molecular weight and the MWD of PAA in

scCO2. And, the dispersion condition of PAA precipitates

changed depending on the monomer concentration and scCO2

density (pressure) at constant temperature.

Next, the FT-IR spectra of APIs obtained from the PAA synthe-

sized both in scCO2 with DMF and in pure DMF are described

in Figure 8. The wavenumber was focused between 2000–500

cm21 where many peaks originated from both of the chemical

structures of PAA and API.30–33 In the figure, the spectrum of

API obtained from PAA synthesized using 1.21 3 1022 mol

dm23 of ODA at 29 MPa in scCO2 with DMF is shown along

with the spectra of APIs obtained from PAAs synthesized in

pure DMF using 6.40 3 1023 mol dm23 of ODA. The curing

duration for imidization was 24 h for PAA of scCO2. On the

other hand, the PAAs obtained by the solution polymerization

were cured for 24 and 48 h to confirm the effect of curing

duration for imidization. Here the APIs prepared by each of the

methods are represented as API-CO2, APIa-24, and APIa-48.

Moreover, the dominant peaks attributed to the chemical struc-

ture of API and PAA synthesized from ODA and PMDA are

summarized in Table II for ease of understanding the figure. As

for the comparison of the results of APIa-24 and APIa-48, the

wavenumbers of almost all peaks were quite close although the

peaks of APIa-24 were small due to the difference in the

amount of the API mixed in KBr. Peaks that clearly indicated

the imide structure could be found in both spectra at 1718,

Figure 6. Relationships between ODA concentration and M w of PAA

polymerized for 60 min in scCO2 with DMF of 19 mol % at 50�C and in

pure DMF at 20�C. Symbols •, ~, �, and � in scCO2 with DMF at 22,

22, 30, and 29 MPa, respectively; � in pure DMF at atmospheric pressure.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Images of the chronological changes in phase behaviors during

polymerization for ODA concentrations of about 6.0 3 1023 mol dm23

at both 22 and 30 MPa. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 8. FT-IR spectra of APIs obtained from PAAs synthesized in scCO2

(ODA: 1.21 3 1022 mol dm23, 29 MPa) and in pure DMF (ODA:

6.40 3 1023mol dm23). Spectra, APIa-24 and APIa-48 show APIs

obtained from PAAs synthesized in pure DMF then cured at 250�C for 24

and 48 h, respectively, and API-CO2 represents API obtained from PAA

synthesized in scCO2 then cured at 250�C for 24 h. Dashed lines show the

wavenumbers indicating vibration modes for the typical functional groups

of PAA.32 [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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1378, and 721 cm21. On the other hand, the peaks indicating

the structure of PAA32 were hard to find in the spectra at 1664,

1543, and 1415 cm21 resulting from the amide carbonyl stretch-

ing, amide N–H bending and the symmetric stretching of the

carboxylate ion, respectively. The spectrum of API-CO2 was

quite similar to those of APIa-24 and APIa-48, as shown in the

figure. Therefore, the chemical structure of API obtained from

PAA synthesized in scCO2 was considered to be similar to that

obtained by the imidization of PAA synthesized in pure DMF.

Moreover, the API-CO2 and APIa-24 were also analyzed by

TGA to evaluate the thermal stability. In addition, API obtained

from PAA synthesized by the solution polymerization using

2.18 3 1022 mol dm23 of ODA and cured for 24 h (APIb-24)

was also analyzed for investigation of the effect of molecular

weight. All measurements were carried out under air atmos-

phere, and the heating rate was set to 5�C min21. The results of

the TG curves are described in Figure 9, and the temperatures

of both 5 and 10% weight loss (T5% and T10%) obtained are

listed in Table III. As for API-CO2, a remarkable weight loss

could not be observed below about 300�C, and the T5% and

T10% were 486 and 528�C, respectively. The degradation rapidly

proceeded from around 500�C, and the weight residue became

about zero at 630�C. This behavior was also observed for the

measurements of APIa-24 and APIb-24, and was found particu-

larly in TG curves obtained under air atmosphere.34–36 Both the

T5% and T10% of API-CO2 were slightly lower compared with

those of APIa-24 and APIb-24, and the order of both the tem-

peratures corresponded to that of the molecular weight. How-

ever, the API obtained in scCO2 would be sufficient as

polyimide materials in several industrial fields as well as the

API obtained from conventional methods. And the properties of

API obtained by the scCO2 processing can also be expected to

improve much more by operating under more suitable

conditions.

In addition, the structural analysis of synthesized PAA using a

nuclear magnetic resonator (NMR) should also provide valuable

information such as the terminal structure of PAA. On the

other hand, sufficient examination of the sample preparation

prior to NMR analysis such as solvent exchange from a reaction

solvent to a deuterated solvent should be required in order to

quantitatively investigate the terminal structure because of the

instability of PAA. Therefore, terminal structure analysis using

NMR would be an important subject in the future work.

CONCLUSIONS

In this study, the relationships between the polymerization con-

dition, the phase behavior during polymerization, and the

molecular weight of PAA were investigated. PAA was polymer-

ized from ODA and PMDA in scCO2 with 19 mol % DMF at

50�C and at several monomer concentrations, and the polymer-

ization pressures were set to about 22 and 30 MPa. The M n of

PAA increased with increasing the monomer concentration in

the region of ODA concentration from 1.74 3 1023 to 1.21 3

1022 mol dm23 regardless of the difference in pressure. On the

other hand, the phase behaviors changed depending on the

monomer concentration and scCO2 density, and the M w of

PAA depended on the phase behaviors during polymerization

Table II. Assignments of the Peaks Obtained by the FT-IR Spectropho-

tometry for API Obtained from PAA Synthesized in scCO2

Wavenumber
(cm21) Vibrational mode30–33

1776 C@O asymmetric stretching

1718 Imide C@O symmetric stretching

1502 CAC stretching (benzene ring)

1378 Imide CAN stretching

1246 Ether CAOAC and anhydride CAOAC stretching

1115 Ether and anhydride CAOAC stretching

816 CAH out-of-plane bending (benzene ring)

721 Imide cyclic C@O bending

Table III. 5 and 10% Weight Loss Temperatures of APIs Obtained by the

TGA Under Air Atmosphere

Sample
name

mODA

(1023 mol
dm23)

Mn

(103 g
mol21)

Mw

(103 g
mol21)

T5%

(�C)
T10%

(�C)

API-CO2 12.1 4.8 9.5 486 528

APIa-24 6.40 6.1 19.2 502 531

APIb-24 21.8 9.6 31.1 534 561

Figure 9. TG curves of APIs obtained from PAAs synthesized in scCO2

(ODA: 1.21 3 1022 mol dm23, 29 MPa) and in pure DMF (ODA:

6.40 3 1023 and 2.18 3 1022mol dm23). Lines: APIa-24 and APIb-24

show APIs obtained from PAAs synthesized in pure DMF at 6.40 3 1023

and 2.18 3 1022mol dm23 of ODA, respectively, and API-CO2 represents

API obtained from PAA synthesized in scCO2. All PAAs were cured at

250�C for 24 h. Inset shows magnified TG curves more than 90% of

weight residue. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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along with monomer concentration. Based on the results of FT-

IR spectrophotometry and TG analyses, the chemical structure

of API obtained from PAA synthesized in scCO2 was considered

to be similar to that obtained by the solution polymerization.

Moreover, API obtained from PAA synthesized in scCO2 with

1.21 3 1022 mol dm23 of ODA at 29 MPa was quite stable to

approximately 300�C under an air atmosphere.
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